GEOPHYSICS 


UNIVE! 
OF MIC 


SCIENCE 
LIBRARY 


Hal J. Jones, Joke A. Morrison, G. P. Sersalion, and L. J. Spieker 745 

An Amplitude Study on a Seismic Model CC. S. Clay and Halcyon McNeil 766 

Velocity Anisotropy in Stratified Media _L. F. Uhrig and F. A. Van Melle 774 
Wave Propagation in a Stratified Medium G. W. Postma 

Minimum Variance in Gravity Analysis, Part I: One-Dimensional 
Gravity In the Hockley Sal lechtome Sea 

vi tions in t Dome, Harris ty, Texas 

W. Allen, H. J. and L. Stanley 


Electrical Earth Model 
A Law Frequency Elects Earth Model 


in the Union of South Africa J.-F. Enslin 
Element Model to the S.P. and Resistivity Phe- 
Dirty Sands 
J. G. McKelvey, Jr., P. F. Southwick, K. S. Spiegler, and M. R. J. Wyllie 
NON-TECHNICAL PAPERS 
Geophysical Accident Facts—1954 Bart W. Sorge 
Annual Report of the Standing Committee on Education of the Society of 
Exploration Geophysicists 
DEPARTMENTS 


Membership Applications Received 
Announcements 

Personal Items 

Constitution and ByLaws 


Index to Volume XX 
Published Quarterly by the 
Society of Exploration Geophysicists 


} 
j 
\\ SS 
TECHNICAL PAPERS = 
. : 
as 
- 
Revi 
Discussions and Communications 
Society Round Table 
ittees 
Local Secti 


iy 


GEOPHYSICA 


COMPANY, INC 


HORIZONS UNLIMITED. 
Master the Toughest Assigr 


0 matter where—from the Artic to the Gulf—highly 
skilled personnel, using the most modern techniques, implemented 
with the finest equipment science can provide, 
successfully execute the most formidable surveys. 
That's why NATIONAL should spearhead your exploration 
program. Call your nearest NATIONAL office— 
or Dixon-2671, Dallas, Texas. 


GENERAL OFFICES DISTRICT OFFICES NATIONAL GEOPHYSICAL COMPANY 
Dallas, Texas Denver + Houston OF CANADA, LTD. 
Calgary, Alberta 


LEADING THE FIELD OF SEISMIC EXPLORATION 


= 
: 
i 
4 | 
‘ 
site 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


GEOPHYSICS 
Published by the Society of Exploration Geophysicists 


Printed in the U.S.A. by George Banta Publishing Company, Menasha, Wisconsin. Entered as second class 
matter September 7, 1938 at the post office at Menasha, Wisconsin, under the Act of March 3, 1879. 
Acceptance for mailing at the special rate of postage provided for in the Act of February 28, 1925, embodied 
in paragraph 4, Section 538, P. L. & R., authorized March 19, 1941. Copyright 1955 by the Society of 


Exploration Geophysicists. 
EDITOR 
MILTON B. DOBRIN, Magnolia Petroleum Co., P.O. Box 900, Dallas, Texas. 


ASSOCIATE EDITORS 


NORMAN RICKER, The Carter Oil Co., P.O. Box 801, Tulsa, Oklahoma. 
Seismic Theory and Fundamentals 


L. Y. FAUST, Amerada Petroleum Corp., P.O. Box 2040, Tulsa, Oklahoma. 
Seismic Techniques and Operations 

THOMAS A. ELKINS, Gulf Research and Development Co., P.O. Box 
2038, Pittsburgh, Pa. Gravity Prospecting 

VICTOR V. VACQUIER, New Mexico Institute of Mining and Technology, 
Socorro, N.M. Magnetic Prospecting 


IRWIN ROMAN, Geophysics Branch, U. S. Geological Survey, Washing- 
ton, D.C. Electrical Prospecting 


GENERAL INFORMATION 


As the official publication of the Society of Exploration Geophysicists, GEOPHYSICS 
is sent to all members of the Society in good standing. For non-members and organizations, 
the subscription rate is $9.00 per year in the United States and its possessions and $9.50 per 
year in all other countries. The price of a single copy is $2.50 to non-members, $2.00 to 
members. For foreign postage 20¢ per copy should be added. Subscription and single-copy 
orders should be addressed to the Business Office of the Society, 624 S. Cheyenne, Tulsa, 
Oklahoma. A list of available back issues can be obtained from the Business Manager, 
Colin Campbell. 

Claims for non-receipt of preceding numbers of GEOPHYSICS must be sent to the Busi- 
ness Manager within three months of the date of publication in order to be filled gratis. 
Delivery outside the United States is not guaranteed. 

Rates for advertising will be furnished by the Business Manager upon request. 


MANUSCRIPTS 


All manuscripts submitted for publication in GEOPHYSICS should, with the exceptions 
specified below, be sent directly to the Editor at the address given above. In addition to 
technical papers, the Editor welcomes notes, discussions of papers published in earlier issues 
and letters to the Editor. Announcements, news items, and personal items of interest to 
the Society’s membership are published in the Society Round Table and should be submitted 
to the Business Manager. Reviews of geophysical literature published outside this journal 
should be submitted to the Chairman of the Standing Committee on Reviews, Dr. N. C. 
Steenland, Gravity Meter Exploration Co., 340 Esperson Bldg., Houston, Texas. 

Instructions and recommendations regarding the form of manuscript material for GEO- 

PHYSICS may be found in a paper by M. B. Dobrin in the January, 1954 issue (Volume 
XIX, No. 1, p. 141-153). This paper offers suggestions regarding the form for the typescript 
and illustrations, figure captions, headings, literature citations, footnotes, mathematical 
material, etc. It also specifies certain rules on capitalization, punctuation, abbreviations, etc. 
Reprints of this paper can be obtained from the Business Manager upon request. 
_ Each manuscript submitted for publication will be examined by the Editor, who may forward 
it for evaluation to an Associate Editor and/or referees who are well informed in the field 
covered by the paper. The final decision as to acceptance of the paper will be communicated 
to the author as promptly as possible. 

Papers submitted to the Society for publication shall be regarded as no longer confidential. 
Responsibility for all statements and opinions in GEOPHYSICS must be assumed by the 
individual authors. 


REPRINTING OF MATERIAL FROM GEOPHYSICS 


The right to reprint abstracts and short portions (not more than one page) of papers, 
discussions, or notes in GEOPHYSICS is granted on the express condition that reference 
be made to the source of such material. Longer text excerpts and illustrations from GEO- 
PHYSICS may not be reproduced without the written permission of the Editor. 


Please mention GropHysics when answering advertisers 


| 
| 
| 
| 
1 | 
‘ 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


Society of Exploration Geophysicists 


The Society of Petroleum Geophysicists was organized in 1930 at Houston, Texas. In 1936, 
the Society approved the change in name to the Society of Exploration Geophysicists, to 
indicate the close association of the aims and objects of the Society with the newly recognized 
primary function of Exploration, which had recently been recognized by the petroleum industry 
as being on a par with Production, Transportation, Refining, and Marketing. 


AIMS AND OBJECTS 


The Society functions for the promotion of the science of geophysics as it is related to 
petroleum geology and the production of oil and gas and associated minerals, to mining 
geology, and to the maintenance of a high professional standard among its members. Among 
the methods of accomplishing these objectives is the publication of papers, discussions, and 
communications of interest to the membership. 


BUSINESS OFFICE 
The Business Office of the Society is located at 624 S. Cheyenne, Tulsa, Okla. 
Its Business Manager is Colin C. Campbell. 


COUNCIL 
OFFICERS 


PAUL L. LYONS, Sinclair Oil and Gas Company, Box 521, Tulsa, Okla. 
PRESIDENT 


ROY F. BENNETT, Sohio Petroleum Company, 13th Floor, Skirvin Tower, 
Oklahoma City, Okla. VICE-PRESIDENT 


HUGH M. THRALLS, Geo Prospectors, Inc., 16 West 15th Street, Tulsa, Okla. 
SECRETARY-TREASURER 


ROY L. LAY, The Texas Company, 135 E. 42nd St., New York, N.Y. 
PAST PRESIDENT 


CURTIS H. JOHNSON, Geophysical Service N.V., Hartogstraat 13, The Hague, 
Netherlands PRIOR PAST PRESIDENT 


DISTRICT REPRESENTATIVES 


Ark-La-Tex Geophysical Society: B. B. Burroughs and Robert B. Baum 

Canadian Society of Exploration Geophysicists: G. F. Coote 

Casper Geophysical Society: Don B. Winfrey 

Dallas Geophysical Society: J. P. Woods, C. H. Green and O. C. Clifford 

Denver Geophysical Society: Dart Wantland 

Fort Worth Geophysical Society: F. O. Mortlock and L. O. Seaman 

Jackson Geophysical Society: To be elected 

Geophysical Society of Oklahoma City: D. W. Ratliff 

Geophysical Society of South Texas: Bart Pratt 

Geophysical Society of Tulsa: A. B. Bryan, W. T. Born and Norman Ricker 
Montana Geophysical Society: To be elected 

Pacific Coast Section SEG: Wm. D. Cortright, Flint H. Agee and Milton C. Born 
Permian Basin Geophysical Society: Paul C. Reed 

SEG Houston Section: O. B. Hocker, G. A. Berg and John F. Anderson 
Southeastern Geophysical Society: Clark E. Allen and K. R. Wells 


Please mention GropHysics when answering advertisers 


4 
q 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


AMERICAN 


The World’s Finest... 


SURVEYING ALTIMETER 
In of ONE FOOT! 


MODEL =... Range 
6,000 feet {—1000” to-+ 
5000’) in intervals of 1’ 


MODEL M-2 . . . Range 
10,000 feet (0’ to 10,- 
000’) in intervals of 2’ 


MODEL M-5 .. . Range 
15,000 feet (0’ to 15,- 
000’) in intervals of 5’ 


MODEL MM-1 . . . Range 

5,000 meters (0 to 5,000 

meters) in intervals of 1 
fe tneter 


mas $300 EACH with leather 

case, Thermometer, Mag- 
nifier, and Operational 
Procedures. 


ACCURATE 

DEPENDABLE MICRO 

LIGHTWEIGHT BAROGRAPH 
FOR MODERN 


BASE CONTROL 
The World’s Standard... 


RA SURVEYING ALTIMETER 


MODEL T-2 . . . Range | MODEL T-5 . . . Range | MODEL T-10. . . Range | $250 EACH with Leather 

4,350 feet (—350’ to | 10,600 feet *(—600' to | 15,000 feet (—500’ to | Case, Thermometer, 

+4,000’) in intervals +10, 000’) in intervals +14, 500’) in intervals | Magnifier, and Oper- 

of 2 feet. of 5 feet. f 10 feet. ational Procedures. 
Above Models Also pores in Metric System 


and Technical Publications Available on 


Ro AMERICAN PAULIN SYSTEM TERRE 


CALIFOR? 


Please mention GzopHysics when answering advertisers 


3 
| 
| 
| 
| 
7 


The new Hawthorne Type AC} 
and DB” Replaceable Blade Insert Rock Bits 


Hard Formation Bits to Increa se Efficiency of Hawthorne Line 


* Drill harder formations faster 


* More footage per bit than any comparable rock bit 


% Uses regular “Blue Demon” Bit body 


* Blades interchangeable with “Blue Demon” 


and regular pilot blades 


The regular ‘‘Blue Demon” 
bit body is used with the 
insert blades. The regu- 
lar reaming stabilizer 
optional, as with “Blue 
Demon” Rock Cutter Bits. 


Devetorment of the new Hawthorne Type “AC” and “DB” Insert 
Rock Bits has greatly increased the cutting capacity of Hawthorne 
Bits in the harder formations, now making possible faster, more 
efficient drilling in 95% of all formations encountered with Hawthorne 
Bits using interchangeable, replaceable blades. 


Hawthorne’s background of experience in bit design, manufactur- 
ing and field testing has contributed to the development of an insert 
bit which is superior in performance to any similar bit available. 


Tue use of special quality tungsten carbide inserts on cutting surfaces 
provides a bit which will stay sharp while drilling the harder formations. High 
toughness of these inserts minimizes breakage, and Hawthorne’s skilled welding 
techniques prevent loosening of inserts while drilling. A unique dressing 
procedure produces a superior cutting edge on the blade, which, with the 
improved watercourse, assures faster penetration and cleaner hole. 

Like all Hawthorne Bits, these Type “AC” and “DB” Insert Bits are 
designed to be worn out, discarded, and easily replaced, providing the driller 
with factory controlled, “on-the-drill” bit service economically. However, the 
bits will continue to drill efficiently until the inserts are completely worn away, 
permitting maximum use of the high quality originally built into each 
set of blades. 


HAWTHORNE Type “AC” Insert Rock Bits are available in popular 
sizes from 4%” through 

HAWTHORNE Type “DB” Insert Rock Bits are available in popular 
sizes from NX through 44” 


DULLED BLADES—When exceeding 100 pounds, may be returned to our Houston plant via fourth 
class freight, or will be picked up by an authorized Hawthorne dealer. 


WRITE FOR ILLUSTRATED CATALOG 


“Blue Demon” Bits. 


P.0. BOX 7366, HOUSTON 8, TEXAS 


PATENTS 2,615, 


4 2,666,622 OTHER 


A 
3 
: 


faces 
High 
lding 
ssing 


the 


are 
riller 
, the 
way, 


each 


& Different Sets of 

CENTURY Seismic 
eOOT second Duplication in over 
1000 common Shof Holes 


* Companies names 
given upon request 


The entire Central area of Kansas has been 
seismographed by eight different crews using 
Century equipment. Over 1000 of the shot holes 
were common to two or more Century recording 
trucks. In each instance, when duplicate times 
were checked, the accuracy was within .001 of 
a second. 

This is just one more example of the accuracy 
inherent in Century Seismic Equipment. 


Office: 
149 


= 
— 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


New Pont Seismograph 


withstands greater 


Years of experience have taught crews everywhere 
to ask for Du Pont Seismograph “Hi-Velocity” Gelatin 
60% when the going was rough. Now after intensive 
research Du Pont offers a vastly improved product— 
new Seismograph “‘Hi-Velocity” Gelatin 60% based on 
a new formula. 


This new product retains all the desirable features of 
the old formula. But the new one will shoot in deeper 
holes and withstand longer exposure under greater 
heads of water than ever before. And it can be de- 
pended upon under the severest operating conditions. 
Available with or without Du Pont Fast-Couplers. 


With exploration expenses increasing almost daily, 
it really pays to get the most from the least amount of 
working time. The consistently excellent performance 
of new Seismograph “Hi-Velocity” Gelatin 60% in- 
creases crew efficiency, keeps the schedule running 
smoothly. Order it now. 


Other dependable Du Pont 
seismic products 


S—safest blasting agent ever .30 caliber rifle bullet. 


made—cannot be detonated by flame, shock, rifle 
bullets or standard blasting caps. It is shot by 
means of a “Nitramon” S Primer. Although the 
Primer is fired with a cap, it is so insensitive that 
it has never exploded in hundreds of tests with a 


“Nitramon” S and its Primer are both packed 
in weatherproof, watertight metal containers which 
are easily screwed together to make a rigid column. 
It’s ideal for pre-loads and deep, partially blocked 


Please mention GropHysics when answering advertisers 


_ 
e 
holes, 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


“Hi-Velocity” Gelatin 60% 
for longer periods 


COUPLE 


>"'Nitramon” WW-—has all the safety qualities of 
‘“Nitramon” S and is specially designed to meet 
the unusual conditions of offshore work. Avail- 
able in 10-, 1624-, 25-, 30-, 40-, and 50-pound units, 


Dsss Electric Blasting Caps—outsell nearest 
competitor by over two to one, SSS Caps have 
everything: accuracy .. . dependability . . . static 
resistance, 

Du Pont SSS seismograph caps are packaged 
to suit your convenience. Duplex or two single 
wires . . . spool-wound or a figure-8 fold... 
lengths up to 300 feet. And a new nylon-plastic 
insulation allows all-weather use without danger 
of softening or cracking. 


>“Seismogel”"— an economical gelatin recom- 
mended for less severe water work, shallow holes 
and immediate firing. Also available with or with- 
out Fast-Couplers, 


Wherever you work, you can depend on Du Pont 
seismic products to do an A-1 job. For complete 
information or for technical assistance on any 
shooting problem, contact the Du Pont repre- 
sentative in your district or write: E. I. du Pont 
de Nemours & Co. (Inc.), Explosives Depart- 
ment, Wilmington 98, Delaware. 


"BETTER THINGS FOR BETTER LIVING 
THROUGH CHEMISTRY 


Please mention GEopHysICcS when answering advertisers 


Make 


Your 
Home 


You'll find every item you need always 
in stock at the SIE Recording Supplies 
Department. Exclusive industry distribu- 
tor for Eastman Kodak in the Southwest, 
SIE’s chief concern is to meet your seismic 
party needs promptly and with the best 
materials available. 


for photographic recording supplies 


The department also offers help in 
solving any special photographic prob- 
lems encountered in land or marine 
operation. 

Recording Paper, Chemicals, Record- 
ing Film, developing equipment... all 
are ready to go as soon as your order 
is received. 


Call Eddie Nix at SIE day or night, 


for immediate shipment. 


SOUTHWESTERN INDUSTRIAL ELECTRONICS CO. 
0. Box 13058 2831 Post Oak Road Houston, T xe 


\ 
= re = 
= 
j 
214-55 


20 WV. Krcxaboo-PHONE 1289 COMPANY 
SHAWNKE, OKLAHOMA 


Please mention GropHysics when answering advertisers 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 9 e oe 
/ Yj, INO 
(7/7, i 4 
| 
| | 
OKLAHOMA 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


Offices 
1120 N. Kickapoo St. 
Shawnee, Oklahoma 
Mgr. 
John D. Storm, 
Delbert F. Smith 
G. D. Gibson 


Biapornsing oil is a problem for 
specialists and interpreting seismic 
oe is an important phase of this 
work. 

Oklahoma Geophysical offers this 
interpretive skill developed from 10 
years of seismograph interpretations 
in Oklahoma, Texas, Louisiana, Arkansas, 
Mississippi, Alabama, and Kansas. — 

_ Crews available for contracts by 
the day or by the month. 


Please mention GeopHysics when answering advertisers 


a from formation to location | 

AN Alen 

VAI YY yy 


Change between air or water drilling in less than 

2 minutes with the Failing CFD-1 Combination drill. 
Take samples wet or dry with this new, speedy, 
versatile portable drilling rig. 


See how the fast, trouble-free action of this rig 
can improve your operation. Ask a Failing man for 
the full story of the CFD-1 Combination. 


For Reliable Surveys Buy 
or Rent Failing Logmaster 


Engineered for accuracy, 
the Model WUS has a two-pen 
continuous ink drawing mechan- 
ism designed to record simultane- 
ously any two of a wide variety 
of bore hole surveys. Unitized 
construction allows quicker serv- 
ice analysis, easy parts replace- 
ment right in the field. 


= 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


serving the world with... 


“Three reasons why more than 90 % 
of the world’s operating crews 
depend on Electro-Tech seismic 

Electro-Tech manufactures equipment. 
and markets its own complete 
line of seismic equipment. Specify Electro-Tech .. . 
the name known for quality 
throughout the industry. 


Please mention GeopHysics when answering advertisers 


: 
( 
service protection 
a O4 WAUGH DRIVE, HOUSTON 19, TEXAS TEL. JA-8-1596 CABLE ADDRESS: ELTE 
| 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


You'll get a 
teal kick 
out of 


PETROGEL! 


\ 


When you’re bent on doing a bang-up sounding job... 
you'll be surprised at the big kick you get out of Petrogel for 
your seismic readings. 
© New, improved formula—most effective seismographic gel- 
atin ever developed! 
© Sensitive—propagates detonation at high velocity! 


© High water resistance—detonates with greater efficiency 
under high heads of water and in “‘sleeper holes”’! 


High density—sinks readily in wet holes! 


Compact cartridge—with Twistite® coupling device for easy 
assembly into rigid columns! 


Pack a real wallop with Petrogel. See your nearby Atlas distributor. 


ATLAS EXPLOSIVES 
FOR SEISMIC PROSPECTING 


Atlas Powder Gompaby: Wilmin ton 99, Delaware 


Please mention GEopHysiIcs when answering 


13 
3) 
mb , @) : 
= <<= 
Vi 
\! / A / ( | 
Wyn 
vit 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


GEOPHYSICS ADVERTISERS 


Advanced Exploration Co. ............ 
Aero Service Corp. (Mid-Cont.) 
American Assoc. of Pet. Geol. ........ 
American Institute of Physics 
American Paulin System 

Ampex Corporation 

Askania-Werke 


| 
Thomas J. Bevan 
Braithwaite & Caldwell 


Century Geophysical Corp. ........... 
Continental Geophysical Co. .......... 75 


E. I. du Pont de Nemours & Co. ....... 
& 


European Assoc. of Explor. Geoph. .... 34 
25 
Economic Geology 

Elder Trailer & Body Co. ............. 
Electro Technical Labs. .............. 
Engineering Products, Inc. ............ 
Engineering Research Corp. .......... 


George E. Failing Co. ................ 11 
Fairchild Aerial Surveys, Inc. ......... 74 


General Geophysical Co. .............. 31 
43 
Geophysical Associates 46 
Geophysical Service, Inc. ......... 4th cover 
Geophysical Society of Tulsa 

Gravity Meter Exploration Co. ........ 


Griffin Tank & Welding Service 
Between 26-27 


Harrison Equipment Co. ............. 84 
Herb J. Hawthorne, Inc. 4 
Heiland Div’n Minneapolis-Honeywell . 70 
Hercules Powder Co. ......0..cscesses 48 
Houston Technical Labs. ....... 28,49 & 56 
Hunting Geophysics Ltd. .............. 85 


Independent Exploration Co. .......... 81 


Kileus Exploration Co. 41 
Koenig Iron Works 


Lane-Wells Company 


MacClatchie Manufacturing Co. ...... 42 
39 
Mayhew Supply Co., Inc Between 26-27 
E. V. McCollum & Co. . 


McCollum Exploration Co. ............ 38 
Mid-Continent Geophysical Co. ....... 50 
Midwestern Geophysical Lab. ...... 86 & 87 
Minnesota Mining & Mfg. Co. ........ 58 
Mission Manufacturing Co. ........... 40 
Moran Instrument Corp. .............. 8&8 
Mount Sopris Instrument Corp. ....... 78 
85 


National Geophysical Co., Inc. ....2nd cover 
North American Geophysical Co. ...... 60 


Oklahoma Geophysical Cable Co. ...... 9 
Oklahoma Geophysical Co. ............ 10 


Petty Geophysical Engg. Co. .......... 63 


61 
Rayflex Exploration Co. .............. 44 
Reliable Geophysical Co. ............. 71 
Republic Exploration Co. ............. 55 
Rogers Geophysical Co. .............. 53 
Co, 0% 37 


Schlumberger Well Surveying Co. .... 

Scott-Rice Company 

Seismic Engineering Co. ............+. 

Seismic Explorations, Inc. ............ 57 

Seismograph Service Corp. .......3rd cover 

Seismos GmbH 

Sharpe Instruments Ltd. 

Southwestern Industrial Electronics Co. 
Between 42-43 
Between 58-59 

Spang & Company 

States Exploration Co... 77 


Technical Instrument Co. ....Between 66-67 
Techno Instrument Co. 47 
Texas Seiamogragh Co. 24 
Tidelands Exploration Co. ............ 82 
Triad Transformer Corp. .............- 45 
Trija Publishing Co. . 


United Geophysical Corp. ............ 59 


Vector Manufacturing Co. ...Between 74-75 


Wallace & Tiernan 
Western Geophysical Co. ..... 


PROFESSIONAL DIRECTORY be- 


Please mention GrorpHysics when answering advertisers 


14 
76 
| 
| 
a 
79 
Wie 
; 


WHERE SPEED AND PRECISION ARE 
THE ESSENCE... 


THESE OUTSTANDING FEATURES 
FOR OIL AND MINERAL 
EXPLORATION 


@ 2/3 the weight and 50% faster in operation 
than comparable magnetic balances. 


Permanently attached compass, head not 
detachable during survey, allows one-man 
operation. 


Widely separated foot-screws allow more 
precise levelling. 


Variable rate release assembly reduces 
knife edge damage to a minimum. 


Latest magnet alloys give balance system a 
high sensitivity and decreases 
susceptibility to shock. 


Auxiliary magnets can be turned to 
neutral instead of removed when not in use. 


Clear visible scale reduces 
eye strain. 


MODEL A2 VERTICAL FORCE MAGNETOMETER 


The SHARPE model A2 magnetometer has Calibration Coil 
found wide application in oil and mining oils 
exploration throughout the world. 
Its preference by mining and exploration Self fan we 
companies as well as governmental depart- Ele ti 
ments, universities and private consultants, Radi 
confirm its precision and dependability. 


Field Magnetometers 


Write for complete details on magnetic and electrical 
instruments for Geophysical Exploration. 


TS: LTO. 


MMMM 6080 YONGE ST, WILLOWDALE ONT. CANADA 


Please mention GropHysics when answering advertisers 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 15 rier 
; 
4 
: 
$ 


Gea! 


Undersea treasures lured Capt. Nemo 
and his Nautilus on a fabulous 
search. Undiscovered treasures in 
the ocean’s depths still beckon the 
explorer and GMX crews have 
travelled more than twice as far as 
Jules Verne’s fabled ship in their 


continuing search for oil at sea. 


A. C. Pagan 
L. L. Nettleton 
N. C. Steenland 
M. W. Baynes 


Gravity Meter Exploration Co. 


Esperson Building, Houston 


Since 1925 


OCTOBER, 1955 NUMBER 4 


GEOPHYSICS 


TECHNICAL PAPERS 


MAGNETIC DELAY LINE FILTERING TECHNIQUES* 


HAL J. JONES,} JOHN A. MORRISON,7{ G. P. SARRAFIAN,t+ 
AND L. J. SPIEKER{ 


ABSTRACT 


Modern communications theory and information theory have placed considerable emphasis upon 
the problem of detection and extraction of signals in noise backgrounds. Some of the methods and 
equipment developed have possible geophysical applications. This paper presents a discussion of the 
delay line method of filter approximation. Magnetic recording delay line equipment which permits 
approximation of a wide variety of linear filtering and correlation operations is described. The funda- 
mental theory of linear operator filtering by delay line techniques is outlined and some possible 
applications to processing seismic data are briefly discussed. 


INTRODUCTION 


The problem of separating desired signals from noise backgrounds has re- 
ceived intensive study in recent years, largely due to rapid progress made in 
modern communications theory and information theory. The importance of this 
problem in the recording and interpretation of geophysical data is well recognized. 
A considerable variety of methods is used to facilitate separation of signals by 
visual interpretation of field records; in seismic prospecting, for example, these 
include instrumental filtering by electrical networks, arrays of seismometers, 
compositing of outputs of seismometer stations, and compositing of seismometer 
outputs with various relative time delays. These methods all may be classified 
as general filtering operations, as illustrated schematically in Figure 1. In design- 
ing a filtering operation for a given problem, we try to select the charactc ristics 
of the “box” of Figure 1 so that a desired result is most nearly attained. This 
result may be the detection or extraction of a particular set of signals from the 
input data. Clearly, the nature of the “best’’ filter depends upon the problem 


* Presented at the Midwestern Regional Meeting of the Society in Dallas on November 19, 1954 
and at the Annual Meeting of the Society at New York on March 30, 1955. Manuscript received by 
the Editor March 1, 1955. 

t Texas Instruments Incorporated, Dallas, Texas. 
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being attacked and upon the information regarding signal and noise which is at 
our disposal. 

A wide variety of filtering operations can be effected by sampling techniques 
involving discrete sampling of data, selective weighting of the samples, and aver- 
aging of the weighted samples. These may be designated as linear operator filter- 
ing methods. A thorough discussion of linear operator theory and techniques has 
been given by Smith (1954) and other workers at MIT. In this paper, we shall 


KCyi(t)3 : 


=yi(t) 


INPUT = MESSAGE PLUS NOISE 
Yi(t) = ¥m(t)+ Yn(t) 


KCyi(t)] IS CHOSEN IN AN EFFORT TO 
OBTAIN A PARTICULAR DESIRED OUTPUT 


Fic. 1. Schematic diagram of generalized filtering operation. 


discuss the application of linear operator filtering to input data in electrical form 
by use of magnetic recording delay lines. 


REVIEW OF LINEAR FILTER THEORY 


We begin by reviewing some fundamentals of linear filter theory, closely 
following the treatment of Bode and Shannon (1950). Linear filtering operations 
commonly are described in two different but equivalent ways. The method most 
familiar to geophysicists employs a complex frequency transfer function Y(w) 
which describes a filter in terms of its response to steady-state sine and cosine 
input signals. The transfer function is often written as 


Y(w) = eA (w) () 


so that A(w)=log | Y(w)|is the gain of the filter and B(w)=angle [Y(w)] is the 
phase characteristic. 

The filter can also be described in terms of a weighting or time function K(). 
This function is simply the response of the filter to a unit impulse input applied at 
time t=o. To get the response of the filter at time ¢=4 to an arbitrary input 
waveform y(t), the waveform is broken down into impulses, and the contributions 
of the individual impulses are added as illustrated in Figure 2. At time 4, each 
impulse will have a contribution y(¢)d‘K(4—1?). Thus, the filter output Z(4) at 
t, can be expressed mathematically as 


Z(t) = f “y(t)K(th — t)dt. (1) 


INPUT (SIGNAL) OUTPUT= yo(t) 
| 
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In applying this formula, it is convenient to make the variable substitution 
T=t,—t so that (1) becomes 


Z(h) = f (2) 


where 7 represents the “‘age” of the data. Equation (2) is the familiar superposi- 


tion integral. 
The equivalence of the two methods of describing filters outlined above is 


TIME 
IMPULSE FUNCTION: 
| INPUT IMPULSE 
FILTER RESPONSE 
K(w) 


tro = 


ARBITRARY 


y(t) A 


‘OUTPUT AS SUM OF 
IMPULSE RESPONSES 


Fic. 2. Filter response to arbitrary input, synthesized from 
impulsive responses (Bode and Shannon, 1950). 


demonstrated by stating the relationship of the weighting function and Y(w) 
via the Fourier transform: 


KW =~ f (3) 


f K (4) 


To insure physically realizable and stable filters, the following restrictions 
are imposed on K(r): 
1. K(r)=o for r<o, i.e., the filter has no output before an input is applied. 


| 
1% 
r4 
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2. K(r)—0 as r->, i.e., the effect of the remote past gradually dies out. 

Equivalent criteria can, of course, be specified in the frequency domain. 
An interesting discussion of stability and physical realizability criteria for linear, 
passive, lumped-constant systems has recently been given by Gilbert (MIT, 


1955)- 


DELAY LINE FILTERING 


The use of magnetic delay lines and multiple pickup heads as illustrated in 
Figure 3 provides apparatus suitable for simulating a wide variety of filters. The 


Record Erase 


£ 

= 

— 

Equally Spaced Reading Heads | 3a 
3 

oO 


Adder 


Continuously 
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Fic. 3. Schematic diagram of delay line filter apparatus. 


apparatus “‘models”’ equations (1) and (2) by sampling the input data at a series 
of regularly spaced time points, adjusting the amplitude of each sample indi- 
vidually, and averaging a number of samples. Equation (2) is replaced, then, by 
a summation formula 


M 
Z(t) = >> axy(t — Kr), (5) 


K=1 


where 


Z(t) = Z(t) =continuous output 
7 = data sampling interval 
y(t— Kr) =continuous input sampled at points 7 units apart 


; 
4 
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ax=discrete values of weighting function at sampling points 7 units 
apart 
M = total number of samples in the filter operator. 
The summation is from 1 to M in equation (s) since the first sampling point is 
always delayed by 7 units from the recording head. In the drum-type apparatus 
of Figure 3, 7 is determined by pickup-head spacing, and M is limited by elapsed 


Fic. 4. Photograph of research-model delay line filter. 


travel time between recording head and the pickup head adjacent to the erasing 
magnet. For evenly spaced heads 
7 = T/(M +1) 


where T is the period of revolution of the drum. 
To simulate a particular filter we first determine its weighting function K(?). 


: 
: 
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The ax’s in equation (5) are then the values of K(#) at equally spaced sampling 
points and are obtained by adjusting potentiometer settings. The potentiometers 
effectively provide multiplication by a set of constants (each of which is less than 
unity). The individually attenuated outputs from the battery of pickup heads 
are instantaneously summed and read out, yielding a continuous filter output 
Z(t). The filter operator ax projects into the past of the input as equation (s) 
indicates, thus in the apparatus of Figure 3, the a coefficient is applied to the 
signal from the pickup head adjacent to the recording head. 


F.M. 
y(t MODULATOR 
o———} (ZERO SIGNAL RECORD HEAD 
FREQUENCY = 


a, 
18 REPRODUCE HEADS 
y= 
Q/ DELAY DRUM a 


7 


| 
y(t-r) | ay(t-r) | 
FM y(t-2t), | 
$ | vemopuator| | 8 | 
| 
(ONE/ HEAD) Fy | 
| 


CHOPPER STABILIZED y(t-Kr) 
OPERATIONAL AMPLIFIER = 


Fic. 5. Block diagram of research-model delay line filter. 


The delay line filter equipment constructed at Texas Instruments is illus- 
trated in Figure 4. A recording head, 18 reproducing heads, and an erasing mag- 
net are evenly spaced around the periphery of a 10-inch diameter drum coated 
with red magnetic oxide. In normal operation the filter operator length is 45 
milliseconds. An FM system of recording is employed with a 4-ke carrier and 
non-contact recording. In this method, signals impressed upon the drum surface 
are frequency-modulated square waves, recorded to saturation in both positive 
and negative directions. Signal strength and spectrum are insensitive to head- 
to-drum radial spacing over a relatively large range. This property relaxes some- 
what the tolerances on drum concentricity and head-to-drum gap. Associated 


> O 
ar 


MAGNETIC DELAY LINE FILTERING TECHNIQUES 751 


electronics includes a recording head modulator, individual demodulators for 
each pickup head, individual potentiometers, and a summing amplifier. The last 
is a chopper-stabilized, d-c operational amplifier. Provision is made for sign re- 
versal of outputs of individual pickup heads. Figure 5 is a block diagram of the 
apparatus shown in the photograph of Figure 4. 

The single-channel unit may be used with the playback of a multitrace mag- 
netic record by utilizing programmed sequential trace-by-trace playback. Once 
a file of filter response functions has been built up, changing filter settings is a 
simple matter of potentiometer dial adjustment. Ability of the system to simulate 
filters is, of course, restricted by the finite head spacing and limited operator 
length. The effect of these limitations will be discussed in the following sections. 
In addition, the system response imposes bounds on frequency and phase char- 
acteristics. It is necessary to insure that the frequency and phase characteristics 
of the system are flat over at least as great a range as the magnetic recorder on 
which original data are obtained. Further, the instantaneous dynamic range of 
the filter must be at least as large as that of the magnetic recorder. The research 
equipment illustrated in Figure 4 has an instantaneous dynamic range of more 
than 55 db (above instrumental noise level) and has a flat response from 4 cps 
to 300 cps. 

The frequency range of operation of the device could be adjusted to a higher 
or lower band by speeding up or slowing down the drum; the sampling interval 
and operator duration would both be changed by such an adjustment. It is clear 
that delay line filters could be constructed by using relatively few movable heads 
and sampling, e.g., at the centroids of the half waves of the impulse response 
(Swartz and Sokoloff, 1954). 


SIMULATION OF LINEAR FILTERS 


By proper selection of the coefficient series ax of equation (5) a wide variety 
of linear filtering operations may be simulated by a delay line apparatus. Some 
specific applications will be discussed following a few brief comments on theory. 


Theory 

If we take the Fourier transform of the delay line filter output as given by 
equation (5), we obtain the following expression for the spectrum Z(w) of the 
output over the interval 7; to 7»: 


Z(w) = x axy(t — Kr)e—i*dt, (6) 


T, K=1 


The spectrum of the filter input y(¢— Kr) is given by 


Y(w) = — gy, (7) 


1 
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Now, if we make the substitution e=(¢— Kr), and multiply the right hand side 
by et&r-e-Kr=1, equation (6) becomes 


T2 M 
Z(w) = f axy(t — . 


1 K=1 


T2 


1 


K=1 


provided that the interval 7,—T; is large compared to the interval Mr and that 
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Fic. 6a. Delay line filter operator approximations to electrical filter impulse response. 


the spectra change slowly with variation in time. Equation (8) is of the form 
Z(w) = K(w)V(o), (9) 


where the frequency transfer function of the delay line linear filter operator is 


M 

K(w) = (10) 
K=1 

The characteristics of K(w) have been discussed in detail by workers at MIT 
(Smith, 1954; Wadsworth et al., 1953), and our comments will be limited to the 
special case of symmetric operators to be discussed below. Our aim is to stress the 
nature and possible applications of delay line filter techniques rather than to 
present a detailed theoretical treatment. 


| 
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Simulation of Conventional Seismic Filters 


Electric wave filters of the type generally used in seismic recording amplifiers 
are readily simulated by the delay line. The ax coefficient series is determined by 
taking samples of the filter impulse response. Figures 6b and 6c illustrate use of 
the delay line to model an electrical filter whose impulse response is shown in 6a. 
Delay line output for various operator approximations is compared with electri- 
cal filter output for a seismic trace input signal. Note that in this example, a 
two point operator produced a satisfactory approximation. Figure 7 compares 
the frequency response of the delay line models with that of the electrical filter. 


= 


.O1 SEC." 


Fic. 6b. Comparison of seismic trace filtered by electrical 
filter and by 18-point delay line operator. 


These examples show that the action of typical electrical filters can be dupli- 
cated by delay line techniques. Tests of conventional electrical filters used in 
seismic amplifiers indicate that constant K type filters often can be simulated with 
2 or 3 properly weighted and spaced sampling points and that 5 or 6 sampling 
points are adequate to model many M-derived type filter networks. When used 
to simulate physically realizable filters in this manner, the delay line filter de- 
lays the output by a small constant amount not greater than the head spacing r. 


Approximation of Ideal Filters 


Effect of sampling interval and operator duration are conveniently studied 
by considering the use of delay lines to approximate ideal filters, i.e., filters which 
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Fic. 6c. Comparison of seismic trace filtered by electrical 
filter and by 2-point delay line operator. 
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Fic. 7. Measured frequency spectra of operators used in Figures 6 and 14. 
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pass or reject all frequencies within their pass or stop bands, reject or pass all 
frequencies outside these bands, and produce zero phase shift. This problem may 
be approached by considering ideal low pass filters, from which other types may 
then be constructed. The response of an ideal low pass filter is shown in Figure 8. 
The weighting function corresponding to this filter is given by 

sin Wol 


I 
=— = wo (11) 


20 Wol 


AMPLITUDE 


-Wo fe) +Wo 
IDEAL LOW PASS FILTER 


a. 
= 
‘| 
A 


IDEAL BAND PASS FILTER 


Fic. 8. Frequency responses of ideal filters. 


The frequency transfer function is then specified by 
© sin wot | 
K(w) = on f (12) 
Wol 


Note that the weighting function of the ideal low pass filter is a symmetrical 
(sin function extending over the interval — © <x< ©; thus such a filter 


-Wo 
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cannot be simulated by physical apparatus. We can, however, effectively obtain 
negative values of x by use of the delay line. The weighting function must be 
limited to a finite range —f¢) S/S) determined by the length of our delay line; 
thus, we are interested in changes in the spectrum K(w) due to variation of the 
limits of integration in the equation 


© sin wot 


ty 


f (wo + w)l sin (wo — 
0 


Wot Wot 


(13) 


RELATIVE AMPLITUDE 


K(w)/(a/t) 


Fic. 9. Frequency response of continuous low pass filter operator for various operator durations. 


If we let 71 = (wo-+w)t and (wo—w)t, we obtain from (13) 
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K(w) = Silnr(1 + w/w) | + — w/wo) |. 
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The values of the Sz functions for various arguments may be found in published 
tables, and thus the changes in spectrum as a function of limiting of time duration 
of the weighting function may be investigated for the continuous case. Results 
are shown graphically in Figure 9. Note that increase of operator duration pro- 
duces more faithful modeling of the ideal filter. 

The use of specific delay line apparatus to approximate ideal filters may be 


studied by returning to equation (5) 


M 
Z(t) = axy(t — Kr), (5) 


K=1 


where now 


sin woKr 
ax = 


wok 


Since we are dealing with symmetric operators, it is convenient to change the 
operator interval to run from — M’/2 to M’/2 where M’= M—1, so that “zero”’ is 
the center of the delay line, and the constant machine delay is 7/2. The frequency 
transfer function of the delay line filter,becomes 


Mi sin woKr 


K=—M'/2 woKr 


Since operator coefficients are symmetrical about zero, equation (16) can be writ- 
ten (for an odd number of coefficients, i.e., M’ an even integer) as 


M’l2 sin woKr 


K(w) = wo [: +22, — cos (17) 


K=1 woKr 


An equivalent formula for an even number of coefficients symmetrical about the 
center of the operator is 


MI2 sin wo(2K — 1)7/2 


K(w) = 200] = 


(2K — 1)7/2 


cos w(2K — (17.1) 


Equation (17) can be used to study the effect of variations in cut-off frequency 
wo for specified values of M andr. This is most conveniently done by making the 


substitutions 


=  wherec is a constant 


wo = d — where d is a constant S 1, 
T 


so that (17) becomes 
K(w) 
(1/7) 


sin rKd 


K=1 T 


cos |. (18) 
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Fic. 10. Predicted response of discrete low-pass filter operator, 19 samples. 


Figures 1o and 11 show the frequency transfer function of a delay line filter 
as a function of c=w/wo for various values of d and for M’/2=9 and M’/2=18. 
Figure 12 compares actual and predicted frequency responses of the equipment 
of Figure 4 set up to approximate an ideal band pass filter. Figure 13 compares 
a seismic signal filtered by an electrical filter and by a delay line approximation 
to an ideal filter with comparable pass band. 

The frequency spectrum of the delay line filter is repetitive with period 2/7 (¢ 
=2/d) due to the discrete sampling technique. Use of a particular value of 7 
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Fic. 11. Comparison of frequency response of discrete 
low-pass filter operator for 19 and 37 samples. 
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requires that all frequencies | f | >1/r should contribute negligible input power. 
Thus, in general, decrease of head spacing provides improved filter response at 
higher frequencies. 

Also, as indicated above, increase of M (operator duration) improves resolu- 
tion of adjacent frequencies, and thus provides sharper filtering; however, use of 
a very long operator is incompatible with the seismologist’s objective of detecting 
arrival times of short transients. 


- 
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Fic. 12. Comparison of predicted and measured response of delay line filter operator 
approximating an ideal 20-40 cps band pass filter. 


The above discussion covered ideal low pass filters; however, it is clear that 
operators for ideal band pass or band stop filters can be obtained by superim- 
posing low pass weighting functions or directly from the Fourier transform. Both 
low pass and band pass approximations introduce no phase shift. This can be seen 
by inspection of equation (17) which shows no imaginary term in the frequency 
transfer function K(w). This is, of course, a result of the symmetry of the opera- 
tor coefficients ax. 
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An advantage of the delay line filter is that phase and amplitude characteris- 
tics can be adjusted somewhat independently. As an example, all symmetrical 
operators produce zero phase shift; however, a wide variety of amplitude char- 
acteristics can be obtained. 


Cross-Correlation 


The delay line filter can be used for cross-correlation against expected wave- 
forms (Jones and Morrison, 1954) since the weighting function in this application 
is simply the inverse expected signal wavelet. Figure 14 illustrates use of the 


ELECTRICAL FILTER OUTPUT 


INPUT SEISMIC TRACE 7 


Fic. 13. Comparison of seismic trace filtered by electrical filter and by symmetrical] operator 
with similar amplitude vs. frequency characteristics. 


delay line as a cross-correlator. The expected signal of Figure 14 was chosen from 
the input signal of Figure 6b, so that results of cross-correlation filtering and con- 
ventional filtering could be compared. In setting up the apparatus of Figure 3 
for this application, the expected wavelet is introduced with its beginning at the 
pickup head adjacent to the erasing magnet since the time coordinate of the input 
increases in a direction opposite to the direction of movement of the input past 
the pickup heads. 


Zero-phase-shift Filters 


As outlined above, zero-phase-shift filters may be obtained by use of symmetri- 
cal filter operators. In addition, zero-phase-shift linear filters of arbitrary ampli- 
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tude spectrum may be approximated using the delay line in the following ver) 

simple manner: 

1. Play through the delay line using the desired time function ax as the filte: 
operator; i.e., cross-correlate against the impulse response wavelet, 

2. Replay through the delay line using the inverse impulse response wavelei 
as the operator, e.g., by reversing the order of potentiometer settings. 

The effective filter obtained by this procedure has zero phase shift and an 
amplitude spectrum which is the square of the amplitude spectrum of the filter 
operator used. 
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Fic. 14. Comparison of -eismic trace filtered by electrical filter and by pilot reflection operator. 


Multiple Seismometer and Source Arrays 


The linear operator theory outlined above may be applied to multiple scis- 
mometer (or source) arrays (MIT, 1954). To illustrate this simply, we consider 
a linear array of evenly spaced seismometers and assume steady state plane waves. 
The filtered output of the array at time / is then given by 


M 
Z(t) = Do axy(t — K-AX-sin 6/V) (19) 
K=1 


where 
M =number of seismometers, 
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AX =seismometer spacing, 

6=angle between wavefront normal and the vertical, 

V =plane wave velocity (assumed constant over the total spread distance). 
The output spectrum is 


Z(w) = K(w)-Y(a), 


where Y(w) is the input spectrum and K(w) is the array transfer function given 


by 
M 
K(w) = age ieK -AX -sind/V (20) 
K=1 


In the common situation of equally weighted seismometer outputs, the ax’s all 
equal unity and (20) becomes 


K(w) = x -AX «sin (21) 


K=1 
The array amplitude spectrum is given by 
sin [Mw-AX-sin 0/2V] 


| K(w)| = sin [wAX-sin 0/2V] 


and the phase shift (with respect to the first detector, K=1) by 
angle K(w) = (M — 1)w-AX sin 0/2V. 


Optimized Linear Operators 


A wide variety of criteria may be applied in an effort to “optimize” the opera- 
tor coefficients ax in order to achieve a particular desired filter output, e.g., the 
least mean square method of MIT (Wadsworth et al., 1953). Filtering by such 
operators can be modeled by delay line apparatus, rather than by use of digital 
computers as has been done by MIT. The latter method requires tedious analog- 
to-digital conversion by manual or semi-automatic means when conventional 
records are employed. Electrical signals played back from magnetic recordings 
can, however, be sampled, coded, and recorded in suitable form for digital com- 
puter entry, although at present the cost of necessary equipment is very high. 
Once the data have been satisfactorily converted, a wide variety of filtering can 
he accomplished computationally by linear or non-linear operator techniques. 


NON-LINEAR FILTERS 


Use of delay line filters is not restricted to linear operators, and a wide class 
of non-linear filters also may be modeled. Following Zadeh (1953) we may relate 
the input and output of a simple class of non-linear filters by the following inte- 
gral expression 
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Z(t) = J F[y(t — r), r]dr, (22) 


where F[y(t—r), 7 |dr is an arbitrary real function of the input y(¢—r). A discrete 
formula for the delay line approximation to (22) is 


M 
Z(t) = Fxly(t — (23) 
K=1 

where the Fx’s are arbitrary real functions. The linear filter (equation (5) is a 
special case of (23). To model equation (23) with apparatus such as is shown in 
Figure 3, one must add appropriate function generators after the output of each 
pickup head. 

Wider classes of non-linear filters than that described by equation (22) are 
possible and also may be described by summation equations, e.g., 
Zt) = — Kr), y(t — Lr), +++, x(t — Xr)]; 

K,L,M,++-X 


K, L, M,--- X = o(1)m. (24) 


An m-dimensional delay line filter is required to simulate (24) with com- 
positing of the outputs of appropriate sampling points on each of m individual 
delay channels (alternatively one could employ a single delay channel with 
proper interconnection of sampling points). 

Drenick (1954) gives an example of an optimum non-linear sampling filter 
which may be simulated by a single delay line channel with multiply intercon- 
nected sampling points and shows that, for a specific problem, such a filter is 
superior to the optimum linear filter. This conclusion seems valid in general since 
the class of linear filters can be shown to be a special case of Zadeh’s m-dimension- 
al class of non-linear filters. 

As a very simple example of a non-linear filter, consider the case where each 
potentiometer in the apparatus of Figure 3 is replaced by a squaring device. The 
filter input-output relationship is then given by 


M 
Z(t) = [y(t — Kr) }? (25) 
K=1 
and is a presentation of computed running mean power of the input. Such a 
presentation has been found very useful in problems of detection of signals con- 
taminated by Gaussian noise. In such problems, the mean power of the noise is 
nearly constant when a sufficiently large value of M is employed in equation (25) 
and the arrival of a signal produces readily detectable incremental changes in 
mean power. 
REMARKS 


Magnetic recording delay line instrumentation provides a very flexible means 
for simulating a wide variety of both linear and non-linear filtering operations. 
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A single-channel delay line programmed for automatic sequential playback 
permits filtering of an N-trace magnetic record of T seconds duration in NT 
seconds, e.g., 2 minutes for a 24-trace, 5-second record. Use of m channels reduces 
the total playback time to (NT/n) seconds. Multi-channel delay line apparatus 
can be used to model m-dimensional linear or non-linear filtering operations. 

Use of linear delay line filtering apparatus permits the operator to simulate 
zero phase shift filters with arbitrary amplitude function. Also, he may approxi- 
mate an inverse to any linear (not necessarily minimum phase) filter. The theory 
used to study linear delay line filtering can be applied to multiple seismometer 
and source arrays. Thus, the relationship between array pattern and array trans- 
fer function can be studied by Fourier transform methods. 

Finally, magnetic recording delay lines have a number of possible applica- 
tions in seismic data processing other than filtering, e.g., to introduce time cor- 
rections in raw magnetically-recorded data and in apparatus for compositing 
seismometer group outputs with variable relative delay to emphasize signals 
with particular angles of incidence. 
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AN AMPLITUDE STUDY ON A SEISMIC MODEL* 
C. S. CLAY¢t anp HALCYON McNEILt 


ABSTRACT 


The measured amplitudes of two seismic events which have traveled through a two layer seismic 
model are compared with the amplitudes calculated from plane wave reflection and transmission 


theory. 
The relative amplitudes of the events, one a dilatational-dilatational and the other a dilatational- 
to-shear conversion event, are found to be in agreement with calculations based on reflection theory 


for plane waves, after correction for 1/7? divergence. 


INTRODUCTION 


It has become possible with the development of seismic models to attack cer- 
tain seismic problems in the laboratory. In some cases, these experiments can 
be regarded not only as model studies but also as actual seismic experiments on 
a small scale. Thus we can test the applicability of the present elastic wave theory 
to seismic problems. Evans et al. (1954) have made a study of the events trans- 
mitted along a thin plate and have shown good agreement with the normal-mode 
theory as applied to the thin plate by Tolstoy and Usdin (1953). Similarly, Press 
and Oliver (1955) have demonstrated in the laboratory many properties of the air- 
coupled flexural wave. 

An attractive feature of a seismic model is that a single repeating source and 
a single detector may be used for making comparisons of the amplitudes of seismic 
events. The seismic model studies of Levin and Hibbard (1955) have shown that 
the dilatational to shear conversion events are very prominent. For this reason, 
it seemed desirable to make a quantitative amplitude study of a dilatational 
event and a dilatational-to-shear conversion event and to compare the experi- 
mental results with amplitudes calculated from theory. Since it was not practical 
to follow a more rigorous analysis of the problem such as was made by Cagniard 
(1939), comparison of experimental data with the transmission amplitudes cal- 
culated from plane wave theory was made. Actually the problem to be solved 
was the case of spherically diverging waves and, as an approximation, the plane 
wave amplitudes were corrected by a 1/r? divergence factor. 

Levin and Hibbard have shown that the measurement of reflection amplitudes 
would be very difficult on this model because of the interference between reflec- 
tions and other events, such as ground roll. However, the first arriving transmitted 
events are relatively free from interferences, so the amplitude study has been 
made on these events. The dilatational event is the dilatational wave through 


* Manuscript received by the Editor February 21, 1955. ; 
} The Carter Oil Company, Research Department, Tulsa, Oklahoma 
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cement and dilatational wave through marble, P;P:. The conversion event is the 
dilatational wave through cement converted at the interface to a shear wave (SV) 
through marble, P;S». 


EXPERIMENTAL AMPLITUDES 


The amplitude measurements were made with the two-layer seismic model 
used by Levin and Hibbard.! A spark gap was used as the seismic source and a 
barium titanate ceramic was used for the detector.? It seemed desirable to make 
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Fic. 1. Transmission through two layer seismic model (with constant gain). 


the amplitude study with the transient from a spark so as to simulate the phase 
distortion from a shot that might be expected in seismic events for incident 


The model consisted of a layer of 3” Sauereisen #31 cement over a 1” layer of marble. The model 
had an areal extent of approximately 5’X7’. It was possible to place source and detector on either the 
top (cement) or bottom (marble) so as to make reflection and transmission studies. 

* The spark gap was the open end of a coaxial line after Kaufman and Roever (1951). The outer 
conductor of the line was thin-wall }-inch-diameter stainless steel tubing; the inner conductor, .045 
inch steel wire; and the insulation, plastic radio spaghetti. A rotary switch was used to place a 2-uf 
capacitor charged to 800 volts across the spark gap. The spark repetition frequency was about 4 pulses 
per second, 
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angles greater than critical. Distortion of the pulse was discussed theoretically by 
Fisher (1948). Arons and Yennie (1950) have done experiments in shallow water 
in which phase distortion of oblique reflections was observed. 

The detector, the same as that used by Levin and Hibbard, was a barium 
titanate ceramic which worked into a cathode follower with very high input im- 
pedance. The size of the detector was kept as small as practical, approximately 
z-inch square, and the thickness of the ceramic was 0.1 inch. Since barium titanate 
ceramics seem to be largely sensitive to vertical motion with low sensitivity to 
horizontal motion, the amplitude data were not corrected for detector response. 
The amplifying system and oscilloscope were the same as those used by Levin 
and Hibbard, with flat response from ro kc to 5 mc. 
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Fic. 2. Comparison of the experimental] amplitudes and the vertical components of the theoreti- 
cal amplitudes for the transmitted events. The theoretical plane wave amplitudes are shown un- 
corrected and with r~? correction for spherical spreading. r is the apparent radius of curvature of 
the wave front. 


A model seismogram, taken with the spark, is shown on Figure 1. The seismo- 
gram was made by taking a series of multiple exposures, one exposure for each 
detector position. The film in the camera was moved for each exposure, making 
it possible to leave the oscilloscope trace in the same position and to use the same 
field of view of the camera lens. Each trace of the seismogram was made with an 
exposure of about 5 sec with the spark repeating 4 times per second. 

The transmission events P,P: and P;S2, which were chosen for the amplitude 
study, have been identified on the seismogram shown in Figure 1. The first event, 
dilatational through cement-dilatational through marble (P;P2), is transmitted 
for incident angles of the dilatational wave P; in the cement which are less than 
the critical angle. However, at detector positions less than two inches from the 
source (corresponding to a less-than-critical angle of incidence for the /:?2 
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event), the converted shear wave P,S2 was not identifiable. For angles of inci- 
dence greater than critical or detector positions farther than 2 inches from the 
source, the dilatational wave that was converted to shear at the cement-marb‘e 
interface has been identified on Fig. 1 as the PS» event. 

The experimental amplitudes for each event are shown on Figure 2. The 
amplitudes were measured on enlarged photographs similar to the seismogram 
on Figure 1. In addition to the detector which was moved, another detector was 
held stationary during the recording of a profile as a monitor of the source ampli- 
tude. Inasmuch as the cement layer contained a large number of small air bub- 
bles, the spark and detector were moved to different positions on the model in 
order to obtain a better average value for the transmission amplitudes and to 
reduce the effect of random local inhomogeneities in the model. Each data point 
on Figure 2 represents the average value of the amplitudes from three profiles 
and the spread that is shown is the standard deviation of the values. All amplitude 
data were normalized to a transmitted dilatational amplitude of 0.91 at zero 
detector distance so that they would agree, at that position, with the theoretical 
transmission amplitudes for plane waves. 


THEORETICAL AMPLITUDES 


The plane-wave amplitude calculations were made by the Zoeppritz equations 
described by Macelwane and Sohon (1936, p. 147-178). The actual calculation 
was carried out in steps as follows: A unit dilatational plane wave in the cement 
was assumed to strike the cement-marble interface at a given angle and the com- 
ponents reflected from and refracted into the marble were computed. The ampli- 
tudes of the incident wave, the reflected dilatational, reflected shear conversion, 
refracted dilatational, and refracted shear conversion waves were fitted together 
mathematically at the interface so as to satisfy the boundary conditions. Since 
there are four unknown amplitudes, it was necessary to solve four simultaneous 
equations. This process was repeated for each angle of incidence to obtain the 
amplitudes of the reflected and refracted waves. The direction of travel or angle 
of incidence of each wave was obtained from Snell’s law. 

The calculation of the vertical component at the free surface of the cement or 
marble was a similar but less complex problem in two unknowns. In this case, 
the incident dilatational wave was reflected both as a dilatational and as a shear 
wave, as was also the incident shear wave. The boundary condition of zero stress 
on the free surface, together with the use of Snell’s law, gave the amplitude of 
the reflected events. The vertical component of displacement, observed on the 
surface, was found by calculating the vertical component of the sum of the in- 
cident and reflected waves. For example, the dilatational wave at vertical inci- 
dence was reflected with the same amplitude but opposite phase. Thus, the am- 
plitude of the displacement at the free surface was twice that of the incident wave. 
The assumptions made were first, that the plane waves are of single frequency; 
second, that absorption may be neglected; and third, that there is no body motion 
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X, DISTANCE (INCHES) 


| 
| 
i 
if 


AN AMPLITUDE STUDY ON A SEISMIC MODEL 771 


of the whole layer. The relative amplitudes of the vertical displacements for the 
plane-wave calculations are shown in Figures 2 and 3. The null at about the 2-inch 
position for the dilatational-shear transmitted event corresponds to the dila- 
tational-reflection critical angle. 

The plane-wave amplitudes were approximately corrected for spherical 
spreading in the following manner. The amplitudes were assumed to decay as a 
function of the radius of curvature of the wave front. It can be seen that the 
curvature of the wave front changed upon passing from the cement into the 
marble and that the position of the apparent center of curvature was not con- 
stant except for the dilatational-reflection case. The refraction of spherical waves 
by a plane surface has been treated as an optical problem by Robertson (1941) 
in section 20 of his text. Figure 3 shows the wave-front curvature for both the 
P,P; and the P,S; reflections. 

The decay function of the amplitudes was determined experimentally. The 
ratios of the experimental amplitudes to the corresponding plane wave ampli- 
tudes were fitted oy least squares to the functions Ae~*/r and Be~*/r? in order 
to better determine the form of the expression for amplitude decrease. The sum 
of residuals squared was calculated for each case. The average of the residuals 
squared for the expression involving r? was about one third of the average for 
the inverse r expression. For this reason, reciprocal r? was chosen to modify the 
plane wave amplitudes for spherical divergence.* 

Mencher (1952, 1953) and Dix (1954, 1955) have shown that the displacement 
potential function due to a step function in a displacement-type point source 
yields, as the solution of the wave equation, an amplitude decreasing as the in- 
verse square of the distance and a derivative which decreases inversely as the 
distance. Thus, near the source the displacement decreases as r~? and at large 
distance the form of the disturbance is changed and its displacement decreases 
as r~!, The experimental amplitudes were best fitted by r~*, which indicates that 
the model experiments were made under near-source conditions. | 

If the transmission amplitudes with spherical approximation are compared 
with the corresponding plane-wave amplitudes, as shown in Figure 2, it can be 
seen that the amplitude of both PP: and the converted shear P;S2, are considera- 
bly reduced at distances greater than 3 inches. In a similar manner the reflected 
events are also altered. If the reflection amplitudes with spherical wave front 
corrections are compared with the corresponding plane wave amplitudes, as shown 
in Figure 3, it can be seen that the dilatational reflection maximum at about 8 
inches is very much smaller and that the reflected shear amplitude is also reduced. 
The effect of directivity of the source has not been included in these calculations. 

The directivity of the source was similar to the directivity given by Sezawa 
and Kanai (1936) for a piston-type source. The theoretical amplitude of the 


° The ratios of experimental to theoretical amplitudes were also considered as functions of travel 
tine. The results of this indicated that the decay was /* for the P;P2 event and ¢-*-8 for the P:S2 
event. These results were different from the /~?- relation obtained by Ricker (1953) in a single medium. 
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P,P: event is almost unchanged by correction for the source directivity. The 
departure angle of P; is less than 24° from the normal to the surface and the cor- 
rection is less than 2%. The theoretical amplitude of the P,S_ event is changed at 
large x. At x=5”, the departure angle of P; is about 45° and the correction factor 
for source directivity is 0.6. The source correction would reduce the theoretical! 
values still more at larger x. The agreement of the theoretical and experimental 
amplitudes is improved by correction for the source directivity. 


CONCLUSION 


For the transmission case, the agreement between approximate theoretical 
calculations and the experimental measurements is quite good. The theoretical 
work was done under the assumption that the source of dilatational waves was 
uniform in all directions. The experimental source was directive vertically and 
this may account for the reduced experimental amplitude at large distances. 
The amplitudes of the dilatational event at zero detector position, and the shear 
wave at 3 inches, as determined experimentally were in good agreement with the 
theoretical amplitudes at these distances and this comparison should give more 
confidence in the use of such theoretical approximations. Of course, approximate 
calculations such as these cannot apply at the critical angles and one must use 
more exact treatments, such as those of Cagniard (1939) and Heelan (1953), 
which consider the coupled nature of the vector and scalar displacement po- 
tential functions. 

The reflection amplitudes have not been studied in these experiments. It 
is believed, however, that the theoretical amplitudes shown on Figure 3 would 
be observed if it were possible to obtain the reflections free of interferences, be- 
cause the incident, reflected, and transmitted events are connected by boundary 
conditions at the interface. Thus, the procedure of calculating the plane-wave 
reflected and transmitted amplitudes and then making an approximate correction 
for spherical divergence of the wave front may be an adequate treatment of this 
problem. 
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VELOCITY ANISOTROPY IN STRATIFIED MEDIA* 
L. F. UHRIG{ F. A. VAN MELLE{ 


ABSTRACT 


The phenomenon of velocity anisotropy in stratified rocks has been observed in surface outcrops 
by McCollum (1932), Weatherby (1934), Ricker (1953), White and Sengbush (1953), and their 
associates. In 1944, 1948, and 1953 Shell Oil Company measured oblique times from shots spaced at 
large distances from a well to a seismometer in the well and found evidence of velocity anisotropy. 
Cholet and Richards (1954) also observed this phenomenon in well-velocity surveys at Berriane 


(North Sahara). 
An anisotropy factor A which is defined as the ratio of the velocity along the layers to the 


velocity perpendicular to the layers, has been computed from oblique-time and well-survey data. The 
factor A varies between 1.1 and 1.4 for the data collected in this report. 

At present, information on velocity anisotropy is limited and it is therefore suggested that 
oblique time measurements be made along with vertical velocity surveys whenever possible. 


INTRODUCTION 


The conventional methods of computing seismic data assume velocity isot- 
ropy. For most computations this assumption is probably accurate enough; 
however, in some instances velocity anisotropy is important (Rice, 1949). 

The phenomenon of velocity anisotropy has been observed in surface forma- 
tions by McCollum (1932), Weatherby (1934), Ricker (1953), White and Seng- 
bush (1953), and their associates. In 1944, 1948, and 1953 Shell Oil Company 
measured oblique times from shots spaced at large distances from a well to a 
seismometer in the well. The observed times could be explained only by velocity 
anisotropy. In this paper a summary of these data is given and other published 
data on velocity anisotropy in stratified rocks are reviewed. 


A QUANTITATIVE MEASURE OF VELOCITY ANISOTROPY 


For the purpose of expressing the degree of velocity anisotropy, an anisotropy 
factor, denoted by the symbol A and defined as the ratio of the velocity along 
the layers to the velocity perpendicular to the layers, is used in this paper. For 
horizontal layers this factor is defined as the ratio of the effective horizontal veloc- 
ity to the average vertical velocity for the interval being studied. 

The value of A for data observed in surface formations was computed by tak- 
ing the ratio of the velocity along the layers to the velocity perpendicular to the 
layers. The value of A for the oblique time measurements from shots to a seis- 
mometer in a well (Figure 1) was computed by substituting the known values of 
T, X, Z, and V in the equation 

* Presented at the Permian Basin Regional Meeting in Midland, Texas on May 14, 1955 and at 
the Gulf Coast Regional Meeting of the Society in San Antonio, Texas on May 19, 1955. Manuscript 
received by the Editor on April 21, 1955. 
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Ay? 


where A is the anisotropy factor as defined above, X and Z are the conventional 
distance and depth coordinates of points on the wave surface at time JT, and V 
is the average vertical velocity for the depth Z. 

The A factor for various areas in the United States and Canada is shown in 
Table I. The factor A lies between 1.10 and 1.19 for data observed by Shell in 
well surveys. Recently, J. Cholet et al. (1954), determined an anisotropy coefficient 
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Fic. 1. Geometry of well survey with proposed shot point distribution 
for determination of velocity anisotropy. 


of about 1.09 from measurements down to 1,250 meters in Berriane district in 
Northern Sahara. The factor A for the values observed along the surface outcrops 
of layers dipping close to g0° varied between 1.3 and 1.4. Comparable observations 
of the A factor for horizontal subsurface layers could be made in gently dipping 
areas by measuring, in addition to the vertical velocities, the horizontal velocity 
between two wells about one-quarter mile apart. 

In 1949 Postma, Riznichenko, and Stoneley independently examined the case 
of ‘transversely isotropic” media. Distinctly but finely stratified formations 
would answer this description. The line perpendicular to the strata is an axis of 
symmetry. An example would be a formation consisting of alternating bands of 
limestone and shale or sand and shale, the thickness of the bands being small 
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compared to the wave length dominant in the signal. The investigations showed 
that under such conditions plane compressional waves must travel with differ- 
ent velocities in different directions with respect to the line of symmetry. Postma 
(1955) computed the effective horizontal and vertical longitudinal velocities for 
two cases of a medium having thin bands of high and low velocity layers. The 
computed A factors for these cases were close to the values found from oblique 
time measurements in well surveys by Shell in West Texas. 

It appears that apparent anisotropy in stratified rocks might be caused first 
by fine stratification (transversely isotropic media); secondly, by homogeneous 
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anisotropy in each homogeneous rock member; thirdly, by quasi-anisotropy 
associated with stratification not necessarily fine compared to the wave length. 
Quasi-anisotropy follows from Fermat’s principle, which requires that the average 
velocity for an oblique path through a sequence of parallel isotropic layers of 
different speeds be higher than the average velocity for a path traversing the same 
layers vertically. The amount of time saved on the actual refraction path over the 
time that would be spent on the straight-line path is a measure of the quasi- 
anisotropy; and it is therefore, like the other kinds of anisotropy, a function of 
the angle between the incident ray and the layers. 

In Figure 2, the calculated minimum-time versus distance curves for a single 
isotropic layer of average speed and for several isotropic component layers are 
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shown, as well as the observed oblique times. The velocities used in the computa- 
tions were based on well survey data from Sutton County, Texas. It is eviden: 
that the time-distance values computed under the assumption of quasi-anisotropy 
account only for a small part of the time gain observed on the oblique paths ove: 
the times computed for the straight line path of average velocity. All of the ob- 
served time gain can, however, be explained by velocity anisotropy. The travel 
times alone do not allow a distinction between transversely isotropic (finely 
layered) and homogeneously anisotropic media. 


SUMMARY AND SUGGESTIONS 


The effect of velocity anisotropy in stratified media has been observed in 
Texas, Oklahoma, Canada, and Colorado. The anisotropy factor A for relatively 
homogeneous rock members of surface outcrops varies between 1.17 and 1.40, 
and for 7,000 to 8,000 feet of clastic and carbonate sediments below the surface 
varies between 1.10 and 1.19. Velocity anisotropy is probably the result of three 
effects: homogeneous anistropy in individual rock layers; transversely isotropic 
rock layers; and, for the oblique paths, quasi-anisotropy caused by time differ- 
ences between straight line and minimum-time paths assuming a sequence of 
isotropic formations of different speeds. 

The available data suggest that velocity anisotropy is large enough to be a 
factor of importance in seismic computations. At the present time, the amount of 
information is limited; it is suggested that measurements of velocity anisotropy 
be made when vertical velocity surveys are conducted. This can be done simply 
by recording the oblique times to a seismometer in a well from shots spaced at 
distances comparable to the depth of the seismometer in the well. Shotpoints at 
2,000-foot intervals on both sides of the well up to a distance equal to the depth 
in the well should be sufficient. Such a program may be restricted by limiting it 
to distances from the well about equal to the depth of the most important reflect- 
ing or refracting levels. 

The writers are indebted to Mr. M. H. McKinsey, who took an active part in 
the early interpretations, and to Mr. G. Robertson, who supervised the field work 
associated with the later well surveys. Appreciation is expressed also for helpful 
suggestions by Drs. Hafner and Postma, and by members of the Geophysical 
Staff of Shell’s Midland Area. 
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WAVE PROPAGATION IN A STRATIFIED MEDIUM* 
G. W. POSTMAT 


ABSTRACT 


A periodic structure consisting of alternating plane, parallel, isotropic, and homogeneous elastic 
layers can be replaced by a homogeneous, transversely isotropic material as far as its gross-scale 
elastic behavior is concerned. The five elastic moduli of the equivalent transversely isotropic medium 
are accordingly expressed in terms of the elastic properties and the ratio of the thicknesses of the indi- 
vidual isotropic layers. Imposing the condition that the Lamé constants in the isotropic layers are 
positive, a number of inequalities are derived, showing limitations of the values the five elastic con- 
stants of the anisotropic medium can assume. The wave equation is derived from the stress-strain 
relations and the equation of motion. It is shown that there are in general three characteristic ve- 
locities, all functions of the direction of the propagation. A graphical procedure is given for the 
derivation of these characteristic velocities from the five elastic moduli and the average density of 
the medium. A few numerical examples are presented in which the graphical procedure is applied. 
Examples are given of cases which are likely to be encountered in nature, as well as of cases which 
emphasize the peculiarities which may occur for a physically possible, but less likely, choice of proper- 
ties of the constituent isotropic layers. The concept of a wave surface is briefly discussed. It is indi- 
cated that one branch of a wave surface may have cusps. Finally, a few remarks are made on the possi- 
ble application of this theory to actual field problems. 


INTRODUCTION 


It has been recognized since early in the history of seismic exploration that 
the convenient assumption of isotropy in the medium in which waves propagate 
is not always justified. It was found in several instances that the velocity of seis- 
mic waves in the upper part of the earth’s crust varies with the direction of propa- 
gation (see, for instance, McCollum and Snell, 1947). In recent years increasing 
emphasis has been placed on this lack of isotropy. Among recent papers dealing 
with the effect of anisotropy on the propagation of seismic waves are those by 
Uhrig and Van Melle (1955), Hagedoorn (1954), and Cholet and Richard (1954). 
In this paper, we shall investigate the extent to which anisotropy can be at- 
tributed to layering. 

In this connection, it may be useful to dwell for a moment on the basic con- 
cepts of the theory of elasticity. This theory refers to continuous media. An atomic 
structure of matter is a concept alien to the conventional theory of elasticity. 
The description of phenomena by this theory is only appropriate when we may 
suppose that a so-called infinitesimal element still contains a large number of 
atoms or molecules. Most materials present in the ground consist of a large num- 
ber of crystals plus fluid, gaseous, and amorphous solid constituents. In a crystal 
we always find some kind of anisotropy. The individual crystals may be of differ- 
ent kinds and may have more or less random orientation. When the crystals have 
completely random orientation and when they are evenly distributed in the medi- 
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um, the elastic behavior of the whole complex may be described as isotropic. This 
conception implies that the smallest elements of matter to be considered contain 
a good sampling of all constituent parts. When for some reason or other the orien- 
tation is not completely at random, a certain measure of anisotropy will be found. 
For example, metamorphic rocks may exhibit considerable anisotropy. Or the 
manner in which the materials are formed and the way their constituents are 
arranged during the geological processes involved in their formation may result 
in a seismically anisotropic medium. 

A layered structure can be regarded as an anisotropic medium of the latter 
type. We shall, in this paper, consider a formation consisting of alternating plane, 
parallel layers of materials which on a smaller scale can be regarded as isotropic. 
In considering such a material as a homogeneous anisotropic medium, we must 
suppose that an elementary volume contains a large number of layers. The theory 
then leads to the type of anisotropy known as transverse isotropy. 

In order to find a connection between the properties and thicknesses of the 
isotropic layers and the equivalent homogeneous, transversely isotropic medium, 
we may proceed in two ways. One way, which we shall follow here, involves the 
establishment of stress-strain relations for an elementary portion of the layered 
medium. With the help of these relations and the equations of motion, we can 
derive equations describing the propagation of plane waves. The velocity of these 
plane waves will turn out to be a function of the direction of the normal to the 
wave fronts (or, as the case may be, planes of equal phase). 

The second approach is to consider plane harmonic waves in the isotropic 
layers (Thompson, 1950). These waves are reflected and transmitted at the vari- 
ous interfaces. It is possible to assign a phase velocity to the resultant wave mo- 
tion. In the limit when the ratio of the thicknesses of the layers to the wave- 
lengths approaches zero, the phase velocity should approach the velocity of 
propagation found by the method described in the previous paragraph. This 
expectation has been verified for the case of plane wave propagation perpendicu- 
lar to the layering. 

The second kind of derivation has the advantage of showing the degree of 
approximation involved with finite ratios of layer thicknesses to wavelength. 
The first kind has the advantage of simplicity, but yields only a limiting value. 

Our calculations are restricted to the case where there are only two kinds of 
isotropic layers, which alternate and therefore form a periodic structure. It is 
realized, of course, that such periodicity would only rarely occur in nature, but 
this model will serve the main purpose of this paper, namely to develop a basis 
for estimating the degree of anisotropy which can be attributed to a layered 
structure of sediments. 

After this paper was originally written as a company report for the Bataafsche 
Petroleum Maatschappij and the Shell Oil Company, an article was published 
by Risnichenko (1949) developing essentially the same type of argument. The 
writer feels justified in publishing this paper nevertheless, first because it covers 
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a somewhat wider range than that by Risnichenko, and secondly because the 
latter’s paper is in Russian, which makes it less accessible.! 


STRESS-STRAIN RELATION IN A TRANSVERSELY ISOTROPIC AND 
IN A STRATIFIED MEDIUM 


In a transversely isotropic medium, all directions making the same angle 
with a certain axis of symmetry are equivalent. Taking the axis of symmetry as 
the z axis and supposing Hooke’s law to be valid, it is then required that the co- 
efficients in the relations between the components of stress and strain are in- 
variant with respect to rotations of the coordinate system around the 2 axis. 
When we express, in the notation of Love (1934, art. 66), Hooke’s law by the 
following set of equations 


Xe = + + + + + 


(1) 
Y, = + Cagbyy + + + Cutes + xy 
in which expressions ¢;;=c;;(i, 7=1, 2 ---, 6), the invariance mentioned leads 
to the following array of the coefficients of equation (1) (Love, 1934, art. 109): 
C11 Ci2 Cig O fe) 
Ci2 C13 fe) re) 
613 Cig C33 O O ° 
(2) 
C12 
2 


The meaning of the various symbols is: 
X,= the normal component of the traction across a surface element perpendicular 
to the x axis, etc. 
Y,= the tangential component parallel to the y axis of the traction across a surface 
element perpendicular to the z axis, etc. 
We observe that Y,=Z, (Love, 1934, art. 47); 


Ou Ov Ow 

Ox Oy Oz 

Ow Ou Ow Ov 4 Ou 
wan dz Ox 


1 The reader is also referred to a paper on the same subject by White and Angona (1955) which 
was published shortly after this paper was submitted.—The Editor. 
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where 4, v, w are the components of the displacement. 

€zz is the linear dilatation of line elements in the direction of the x axis in the 
unstrained state. 

€yz is the decrease of the angle between two line elements, which are parallel 
to the y and z axes in the unstrained state (Love, 1934, art. 10). 

In a transversely isotropic medium, five coefficients (in our case Cu, C12, C13, 
C33, C4) are independent, compared with two in an isotropic medium, where cu 
= 633=A+ Cu 

Consider now a stratified medium consisting of a large number of alternating 
plane, parallel layers of two homogeneous, isotropic materials for which the elastic 
behavior is given by Lamé’s constants )\; and jy, and dz and pe, respectively. The 


z 


n(d,+d,) 


Fic. 1. Elementary volume of stratified medium. 


layer thickness for the first material is d,; for the second it is dz. Take the z axis 
perpendicular to and the x and y axes parallel to the layers and consider an ele- 
mentary rectangular parallelopiped with faces parallel to the coordinate planes. 
Let the height of the parallelopiped be ~(d,+-d2), where m is an integer, and let 
the length and width be a and 6 respectively (Figure 1). 

Suppose that on the faces perpendicular to the z axis a traction Z, is exerted 
and that there are no tangential components Y, and X,. On the faces perpendicu- 
lar to the x axis we also have only normal tractions, viz., a normal traction Xn 
on the layers d; and a normal traction X22 on the layers dz. Similarly, we have on 
the faces perpendicular to the y axis normal tractions Y,; and Y,2. The normal 
iractions Xm, Xz2, Vin, Yy2 are such that ze ANA Cyyi = Cyy2= Cyy, Where 
era is the linear dilatation of a line element in the direction of the x axis in the 
layers dy, etc. This restriction is necessary to insure the continuity of the displace- 
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ment as a function of the radius vector. The linear dilatation of a linear element 
parallel to the z axis in the d, layers is e,21, in the d» layers it is e,22. In general 


In the first isotropic medium Hooke’s law gives: 


X21 = (1 + + Areyy + 
= + (Ay + + Ar€ss1 (3a) 
Zz = + Areyy + (Ax + 21) €z21. 
The equations for the second isotropic layer are obtained by replacing the 


index 1 by the index 2. We shall designate this set of equations as (3b). 
The average traction on a face perpendicular to the x axis becomes 


and on a face perpendicular to the y axis, , (4) 
+ d2V yo 


while the traction on the face perpendicular to the z axis is Z,. 
From (3a), (3b), and (4) we find: 


+ = + 241) + + 2u2) | 
H+ Cyy(Ard1 + A2d2) + + 

(dy + do)Vy = + Node) + eyy + + do(A2 + 2u2) | (5) 
+ + 

(dy + d2)Zz = + Node) + + Node) 
+ + + + 22). 


We define e., by 
+ d2)ezz = dyez21 + de€z22, (6) 


where e,, is the over-all dilatation of a linear element parallel to the z axis, which 
contains an equal number of sections through the layers d,; and ds. 
From the last equations of (3a) and (3b) and (6), we find: 


(d, + dz) (Az + — (Ay Ae) + Cyy) ds 
+ + do(Ar + 241) 
(d; + d2)(A1 + ho) + Cyy) di 


C221 = 


C222 = 


+ + do(Ai + 
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Substituting this result in (5) we arrive at: 


2441) +dido{ — (A2+ ]2— (Ar —A2)?} 
2" D 


ArA2(d1t+ de)?+ 2(A1d1+A2d2) (u2di+ 
D 
(dy+-de) [Ardi(Ao+ + A2d2(A1+ | 
D 
2(A1d1+-A2d2) 


D 


(di+d2)?(Ar+ 2u2) +d,d, { [(ar+ 241) P (Ai—A2)? } 
vy D 


D 
(d,+d2) +r2de(Ai+ 2411) | 
D 
D 
D is written for (di+dz) [di(A2+ 241). 
Proceeding in the same way by applying to the faces perpendicular to the z 
axis a tangential traction Y, (Figure 2), we have: 
+ = + dreyse 
Milyai = Ve; = 


dy (dy + de) 
(dy + = =| Y,= Com 
Y, 
| 


Fic. 2. Tangential] stress and corresponding strain. 
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Similarly we find: 


(di + de)ezz [= + X;. Xs = 
dye + 


Finally applying a tangential force X,,ad, to the faces perpendicular to the 
y axis of the d, layers and a tangential force X,2ad, to the corresponding faces o! 
the d layers and realizing that ey, must be equal to e,,2 in order to insure the 
continuity of the displacement, we find that myezy= Xy1; ueezy= Xy2, so that when 
X, is the average tangential traction on the parallelopiped, 
Mid, + mod 
Xy(di + de) = Xyidi + Xyode = Cay(uidi + mode) Xy = 
d, + dz 
Comparing these results with (2) we see that, when viewed on a proper scale, 
the layered medium may be considered as transversely isotropic. We find: 


Cu { 241) se) [(Ar — |} 
{ 2(A1d1+Azd2) (u2dit+ pide) } 


= { [Aida 2411) J} 


(7) 

= 

+p2d2 


Between cu, C12, and cee there exists the relation = (¢11—¢12)/2, as becomes 
apparent by substitution. Here also there are five independent coefficients. 
The values of cy; and cs; are in agreement with those found by Risnichenko (1949). 

LIMITATIONS OF THE VALUES OF THE COEFFICIENTS OF A LAYERED MEDIUM 


The coefficients C11, C12, C13, C33, C44, Cos, for a general transversely isotropic me- 
dium are subject to some restrictions. Rudzki (1911) gives the following in- 
equalities: 

C11, C33, C44, Cos > O, 
C11 — Cu > O C11 — C66 > O C33(C11 — Cos) > 


C33 — C44 > 0 C33 — Ces > O. 
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We shall now investigate the conditions satisfied by the coefficients ¢1, ce. 
(13, €33, C44, Cog aS defined by equation (7). We shall assume that Ay, deo, wi, and pe 
are positive quantities;? , cis, Css, Cas, Ces are seen to be positive. Since cu=Cie 
+ 2¢66, it is evident that cy?>o. Furthermore, ¢u> Ces. 


C33 — = (d d _ >o 
33 C44 ( c+ 2) ds 


Ai+ 241 pi pe 


(u1 = Me)? 
<o 
dy + dz dips + 


— Co6 = 


The equality sign is valid when In that case C4 Me 


Since certainly 
We can choose the constants at our disposal, which are d;/d2, A1, 441, 2, He, SO 
that ¢33—¢es<o. For instance, letting them have the respective values 1, Aj, 0, 


4\1, we get: 


d,+ Hid; + pode 
C33 — Ces = = 

ds d, + dz 
Ar + A2 + 

2 

I I 2 9 
Ai 


This is in contradiction with one of the conditions given by Rudzki. 

The values chosen are not likely to occur in nature, but they are physically 
possible. The expression (¢11— ¢44) (¢33— C44) — (€13-+€44)? will prove to be important. 
After a somewhat lengthy calculation, which will not be repeated here, we find 


that 
1) (Az + be) 
+ [di(A2 + + do(Ar + | 


(cu C44) (C33 C44) (¢13 C44)? = 


which is always larger than zero, except for ui1=,2, in which case it becomes zero. 
Equally important is the expression 


C11 — + C33 


= cu) = (¢13 + Cas) = — 2044. 


2 


(= + C33 


2 


* For the isotropic materials in the earth this is always the case. It should be mentioned, however, 
tat the requirements for stability are less stringent. These are »>o and A> —4u. 
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On substitution of the values in (7) we find that 


C11 — 2C€13 + C33 


— 2644 


+ pe) + do(Ai + m1) 
(M1 He)? 
d, + dy [di(A2 + + do(Ar + + doy) 


The equality sign corresponds to the special case 4,=2. The expression 


(Ar + oi) — + we) 
(m1 


d, + dz di(A2 + + do(Ai1 + 241) 
may be positive or negative: positive when w1>ye2 and simultaneously \y+u1>d2 
+ye, or when wi<pe and simultaneously \i+p1<A2+pe2; and negative when 
> me While Or when py while > 
When either pe or 41 Me, C1 equals C33. can have arbitrarily 
large values as can be seen from the following expression: 
Cu 4did2 (Ar + — (Az + me) 
C33 (d; + dz) (Ar + 2A2)(A2 + 
Let Ai=md2 and wi=Ny2, a condition that is always possible, in which case 
both media have the same Poisson’s ratio; then 


Cu + me) — 1)? 


C33 (d; + dz)? (A2+ 2p2)? n 


which for n— © grows beyond any limit. 
It can be shown that (¢11/¢33) > 3. For example, if u1=A2=0 and d= d2, we have 


2 


IV 


For the case w1= w2= pw we have the remarkable result that 


dy ds 
At + de 
d, + dz Ai + 2u Ae + 2u 
C15 = = : = C13 = —; 
11 33 ry 12 13 ds 
Ai + Ao + Ar + 2u + 


C44 = Cog = 


The medium behaves as an isotropic medium in which 


dy 
Ai + 2u Ao + 2u 
dy 


+ 
Ai+ Ag+ 


Cu Al — be I Me 
C33 2 Ai 
A 
@ 
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PLANE WAVES IN A LAYERED MEDIUM 


Wave propagation in an anisotropic medium in general and in a transversely 
isotropic medium in particular has been treated by various authors. Love (1934, 
art. 208) devotes a few pages to this subject in his book on elasticity. Stoneley 
(1949) has considered the case of transverse isotropy in more detail. In an un- 
published report by Hazebroek for the Bataafsche Petroleum Maatschappij 
on wave propagation in an anisotropic medium, reference was made to the paper 
by Rudzki (1911), to whom we are indebted for a thorough investigation. Un- 
fortunately, this paper is not readily accessible. 

We shall derive the wave equation for waves in a transversely isotropic 
medium from the stress-strain relations (2) and the equations of motion. 

The equations of motion are 


+ 


+ 
Ox oy ot? 
OY, OY, OY, 
+ = 
Ox dy dz ot? (8) 
OZ OZ, OZ, 
+ =p—- 
Ox oy 0z Ot? 


Substituting in these equations the expressions for the components of the 
stress as given by Hooke’s law (equation (2)), we get: 


Cu + Ces ay? + C44 + (¢11 — Cee) andy + C44) =p 
(C11 — Cos) + Cee + ay? + C44 + (¢13 + C44) =p (9) 
(C13 + Cas) + (C13 + C44) + C44 Ox + Cu ay? + 2 : 


The value of the density p is given by p= (piditpede)/(di+d2) where p; and pz 
are the respective densities in the d; and d; layers. 

We now try a solution representing plane waves; we may restrict ourselves 
to waves perpendicular to the coordinate plane y=o, for the axial symmetry 
around the gz axis guarantees the similarity of wave fronts perpendicular to any 
meridian plane. The wave motion is then described by equations of the form: 


= uUf(xcosd+ zsing — Vt) 
v = uf(xcos@+ zsing — V2) (10) 
w = wWof(xcos¢+ zsing — V2) 


where f may be an arbitrary function of its argument (Fig. 3). 


: 
| 


790 G. W. POSTMA 


WAVE FRONT NORMAL 


WAVE FRONT 


x 


Fic. 3. Wavefront and wavefront normal. Stratification perpendicular to z-axis. 


All terms in equation (9) containing 0/dy are zero in this case. Substituting 
equation (10) in equation (9g) we get, after some reduction, 


(C11 COS? @ + Cag Sin? Ug + (C13 + SiN COS = pV 
(Cog COS? + C44 Sin? = pV (11) 
(C13 + C44) Sin COS + COS? + C33 Sin? Wo = pV? 


We see that the second equation contains the unknown 2% only, and the 
first and third the unknowns m and w only. 

One solution where uo, v9, and wo do not all simultaneously vanish is % = wp =0 
and arbitrary. The condition under which this is possible is pV? = cos? 6+ cus 
sin?@. When 2% = wo=0, we deal with a plane wave in which the line of oscillation 
of the individual points is perpendicular to the plane y=o, which stands, on ac- 
count of the symmetry, for any meridian plane. 

For ¢=0, we find for V3(r/2)= VW AS Cas, 
V;3(0) = V3(a/2), the equality sign holding for the case p= pe. 

The envelope of the wavefronts corresponding to {=1 with all possible values 
of ¢(0 to 27) proves to be the ellipse 


x? 
(12) 


+ = 
 Caa/p 


The wave surface (Love, 1934, art. 209) is the ellipsoid obtained by a rotation 
of the ellipse around the 2 axis. 
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Other solutions can be found in which 1 =o, and #40, wo¥o, corresponding 
to plane waves where the points of the medium oscillate along straight lines in 
the plane y=o. These solutions exist when the determinant vanishes, viz. 

C11 COS” + C44 Sin?  — pV? (cis + C44) sin cos 
(cis + C44) Sin @ CoS @ C44 COS” + C33 Sin? — pV? 


=o. (13) 


This equation is equivalent to Stoneley’s equation (10) (Stoneley, 1949). 
To solve equation (13) we shall apply a graphical method in order not to com- 
mit ourselves to the handling of unwieldy expressions. 
With the following substitutions, 
C11 COS? + cag sin? = a; (C13 + Cag) Sin PCOS H = J; 
C44 COS? + C33 Sin? @ = ¢; pV? = R; 


Wo/ Ug = tan 6, 


a-c B 2(R-a) D 


Fic. 4. Graphical representation of equations (15) and (16). 
the first and third equations of (11) take the form: 
a+btané=R 


b+ ctand = R (z4) 
Here 6 gives the direction of the particle displacement. Elimination of 6 gives: 
R-«@ b 
(15) 


Elimination of R gives 
tan O(a + btané) = b+ c tandé 
2 tan 0 2b (16) 


tan 20 = 


— tan?@ a—c 


wie 
+ 
= 
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The graphical representation of equations (15) and (16) is shown in Figure 4. 
We see that AC=AD=a—c+2(R—a) =2R—(a+c). a+c is the sum of the two 
roots of the quadratic equation in R (equation 15). Let these roots be R; and R» 
and let R; be the greater of the two. Then AC=R,—R; is the absolute value 


of the difference of the roots. 
In Figure 5, the construction of R:— R: and Ri+R: is shown as a function of 


2 


AB=a-c= c08 26 


2 
BC = 2b = (613 + C44) sin 2¢ 


2p 
E 


c -c 
33 44 
+ 


Fic. 5. Construction of the sum and difference of the roots of 
equation (15) from the given elastic coefficients. 


and, therefore 


AC = R, — R2. 


Also, EF = (c11—¢33)/2 cos 2, which yields 


Cute 
2 


= 
. 
: ea y. It will readily be verified that 

- 
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In the previous section we saw that (¢11+¢33)/2—Cs4>¢i3+¢u4. Therefore, the 
major axis of the ellipse described by C, when ¢ varies from o to 7, is always 
horizontal. The largest value of Ri— Re occurs when ¢=0 or 7/2, corresponding 
tO C11 > C33 OF C33> C1. 

The sum and difference of the roots being known, R; and R, can be deter- 
mined without difficulty. The construction also gives 6 as a function of ¢. The 
values of @ corresponding to R; and R, differ by an amount 2/2. When a value 0 
satisfies equation (16), this equation will also be satisfied by 0+(m/2). To deter- 
mine which of the two values of 6 corresponds to Ri, we consider a small value of 
Then a~en; b~ 644) 

According to equation (16) we have 


(C13 + C44) 


C11 — Ca4 


tan 20 ~ 


for which the following two solutions are of interest: 


Cig te 
2 


C11 — C44 


C13 + C44 
C11 — C44 
Let 6=6,; then the first equation of (14) gives R~cy. Let 0=62; then 


— Ca4 


tan ~~ — 
(C13 + C44) 
The first equation of (14) yields 

C11 — Ca4 


(Cis + Cas) 


The same result can be obtained from the second equation. So for¢=o. 


C44. 


R~ — + C14) 


Ri =¢yu, and Re= Cu, 0 = 2/2. 
For ¢=7/2, 
R, = ¢33, 0= 27/2, and Re=Cu, 
The wave with the largest normal velocity, therefore, resembles a longitudi- 
nal wave, while the slower wave resembles a transverse wave. The waves are 


purely longitudinal or transverse in the directions ¢=o and z/2, but not in general 


in other directions. 
For the velocities we find Vilr/2) = Vc93/p; V2(0) = Vcas/p; 


We write equation (13) in the form: 


CutCs3  C11—C33 Cutcss 
R?—R cat ( cos 2) COS 2@ 
2 2 


2 


2 


: 
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1 
— C44)(C33 — Cas) — (C13 + C44)?] sin? 26 = 


C11—Cs3 


(R-C44) ( cos 26) 


2 
= cas) — sin? 2g. (13a) 
From the results in the previous section, we see that the right-hand member 


is always negative when 4:42 and when ¢o or 7/2. Since 


C11 + C33 C11 — C33 
Coa < + cos 26 
2 2 


for all values of ¢, the roots must lie between the following limits 


C1 + C33 C11 — C33 
< Ri S + COS 29. 
2 2 


The two roots R; and R, are always distinct, for Ri—Rz never vanishes when 


¢ changes from o to 7/2 (Figure 5). 
In the exceptional case that u1=,2, the second member becomes zero and the 


roots are Ri=¢=¢33 and R2=cy. They are independent of ¢. The wave surfaces 
prove to be spheres with radii 


Ci C33 C44 
—= 4/— and 


p p p 
NUMERICAL EXAMPLES 


A few examples have been circulated on the basis of data from the literature 
Eve and Keys (1929, p. 188) give the following numerical values for elastic 
constants of typical earth materials: 


Limestone: 
p = 2.69-2.72; = (2.1-3.0) 101; 
k = (3.7-5.7) 101}; = 0.25-0.28 (c.g.s. units). 
Sandstone: 
p = 2.3 (?); bw = 0.61-101); 
kK = 1.25: 1011; o = 0.29 (c.g.s. units). 


x is the bulk modulus; x=A+3y; o is Poisson’s ratio. 
For a demonstration of the anisotropy under realistic conditions, we take the 
d, layers to be limestone and the d layers sandstone, with the following parame- 


ters: 


$ 
ee 
; 
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pi = 2.73 Mi = 2.5: 1011; A1 = 3.0°1011; o1 = 0.273, 
from which 
Voi = 5.44 km-sec™}; Voi = 3.04 km-sec7}. 
p2 = 2.33 Me = 0.6-10!; Ae = 0.8-10!!; o2 = 0.286, 
from which 
= 2.95 km-sec™}; Vso = 1.62 km-sec™. 
Case I 
Let d:=1; d.=3. (See Figure 6.) We find 
C11 = 3.36101! (dyne/cm?) 633 = 2.46-101! 
Cig = 1.21- 101! C44 = 0.74° 101! 
613 = 0.97: 101! C66 = 1.08: 101! 
p = 2.4 
= 3.73 km-sec”?; = = 3.21 = 1.76 km-sec™}; 
p 


Then we obtain the following data by means of the construction in Figure 5: 


Vi V2 Vs; 
o (x direction) 3.93 1.76 2.12 (km-sec™) 
1.79 2.12 
a/12 3-67 1.82 2.10 
4/8 3.62 1.87 2.07 
1.91 2.04 
51/24 3-45 1.97 2.00 
3.36 2.00 1.95 
70/24 3.29 2.00 1.89 
1/3 2.24 1.94 1.86 
3n/8 3.22 1.89 1.82 
57/12 3.21 1.84 1.79 
3.21 1.79 1.76 
a/2 3.21 1.76 1.76 
Case 2 
Let d,= 3; do=1. (See Figure 6.) 
611 = 6.25-101! (dyne/cm?) 633 = 4.57-To!! 
C12 = 2.19:101! C44 = 1.40°101! 
Cis = Ces = 2.03:101! 


p = 2.6 


= 2.12 km-sec"}. 


Vs PURE LIMESTONE 


V2 


Vs 
V2 


Vs PURE SANDSTONE 


V AS A FUNCTION OF ¢ 


km. sec~!rad~! 


0.5 


04-4 


0.34 


0.25 


= AS A FUNCTION OF ¢ 


“0.25 


-0.3- 


-04-4 


-0.54 


-0.64 


-0.74 


Fic. 6. (A) The velocity V of plane waves as a function of the angle ¢ included by the normal 


and the plane of the layers, obtained by the construction of Fig. 5. 


Case 1 
Case 11 


(B) dV /d¢ as a function of ¢ for Case 1, obtained by graphical differentiation of the curves in (A). 


5 

km. sec"! 
av 
4 
3 0.1 
fe) 
YH 
HOR. VERT, 
lo 10° 20° 30° 40° 50° 60° 70° 80° 90° 
d;/d2=} (page 795) 
d;/d2=3 (page 795) 


cu C33 Caa 
— = 4.90 km-sec"}; — = 4.19 km-sec™; — = 2.32 km-sec"}; 
p 


p 
Cos 

4/ 2.79 km-sec™}. 
p 


For this case we obtain: 


¢ Vi Ve V3 
° 4.90 2.32 2.79 (km-sec™) 
3/24 4.87 2.34 2.79 
4.82 2.30 2.77 
4/8 4.74 2.45 2.74 
1/6 4.63 2.53 2.68 
57/24 4.52 2.59 2.63 
w/4 4.40 2.63 2.57 
/24 4.31 2.63 2.51 
1/3 4.24 2.57 2.45 
30/8 4.22 2.51 2.39 
4.20 2.41 2.34 
114/24 4.20 2.34 2.32 
a/2 4.20 2.32 2.32 


To show the peculiarities which may occur in extreme cases we have also 


calculated the artificial case of layers d;, approximately with the properties of 
limestone, and layers d:, with approximately the properties of water (Figure 7). 


pi = 2.5; = = 2.5: o1 = 0.25; = 1; 
Vn = 5.48 km-sec™}; Var = 3.16 km-sec"}. 
p2 = 1; = 0; Ae = 0.25: 1011; = 0.50; dz = 0.01; 
= 1.58 km-sec™?; = ©. 
C11 = 7.25-101! (dyne/cm?) C33 = 5.82-10!! 
Cig = C44 = 
C13 = 1.98-101! Ces = 2.47:°101! 
p = 2.48 
= 5.41 km-sec"}; /= = 4.84 = 0; 
p p p 
Coe 


— = 3.16 km-sec"!. 
2 


We obtain the following results for this case: 


Vi V2 Vs 

° 5-41 3.16 (km-sec™') 
5.36 0.63 4.43 
5.25 1.14 3.06 
1/8 5.04 1.73 2.94 
1/6 4.76 2.28 2.73 
51/24 4-45 2.88 2.50 
w/4 4.22 3.03 2.24 
70/24 4.18 2.97 1.92 
4-33 2.49 1.57 
3/8 4.54 1.95 1.19 
57/12 4.70 1.34 0.82 
117/24 4.81 0.63 0.42 
4.84 ° ° 


‘ 
an, 
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km secu! 


Vs PURE LIMESTONE 


V2 


ag 


km sec-' rad-' 


54 


ap 


T T T T T T T 
o° 20° 30° 40° 60° 70° 60° 
HOR. 


Fic. 7. (A) The velocity V of plane waves as a function of the angle @ included by the normal 
and the plane of the layers, obtained by the construction of Fig. 5. The layers are alternately lime- 


stone and water. 
Case 1 
Case 11 


100 
© 


(B) dV/d@ as a function of ¢ for Case 11, obtained by graphical differentiation of the curves 


in (A). 


Finally, the same example was calculated for dy—o (Figure 7). These values 


were obtained by direct calculation. 


= 
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We find: 
Vi Ve Vs 
5.48 0.00 3.16 (km-sec™) 
10° 5-41 0.89 3.2 
20° 5.18 5.79 2.98 
30) 4.87 2.52 
4°, 4-53 3-97 2.43 
45, 4-47 3-16 2.23 
5°, 4-53 3-07 2.03 
60° 4.87 1.59 
70 5.58 1.08 
80° 5.41 0.89 0.53 
go 5.48 0.00 0.00 


The influence of the vanishing of d, is very noticeable on Vi and V2 and prac- 
tically nil on V3. The assumption that cu remains zero when d,—o is rather un- 
realistic, however, from a physical point of view. 

The last examples are rather extreme but they show clearly the type of 
phenomena we may expect in a layered medium, where one of the constituents 
has a low resistance against shear. 


WAVE FRONT 


Fic. 8. Huygens’ principle applied to plane wave propagation in an anisotropic medium. 


WAVE SURFACES 


In a previous section, we solved the equations of motion for plane waves. We 
can consider the propagation of these waves in the light of Huygens’ principle. 
The secondary wavefront, emanating from a point P located on a plane wave- 
front at time ¢, is tangent to the plane wavefront at time /+-dt. For another plane 
wave, with a different direction, passing through P at time ¢ the secondary wave- 
front again must be tangent to the corresponding wavefront at ¢+-dt, so that the 
secondary wavefront is found to be the envelope of the plane waves having all 
possible directions at time +d (Figure 8). When the medium is homogeneous, 
the time interval dt need not be infinitesimal. Love calls the envelope of all plane 
wavefronts at +1 a wave surface (Love, 1934, art. 209). 


: 
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x 


Fic. 9. Construction of the wave surface P(x, z) from V=V(@). 


We can derive the equation of the wave surface by standard methods. The 
meridian section is the envelope of the straight lines 


x cos ¢ +2 sin ¢ = V(¢), (17) 


where V(¢) is given as a function of ¢ by equation (13). Elimination of ¢ between 
equation (17) and the equation 


dV 
+ 20089 = (18) 


yields the desired result. 
Squaring and adding equations (17) and (18) leads to 
= 2+ 2? = V?+ (dV/do)?. (19) 
We construct the position of the point (x, z) of the envelope corresponding to 
the direction ¢ of the normal wavefront as in Figure 9. The envelope is tangent 


to PQ at P. 
Figures to and 11 show plots, as obtained by this construction, of the wave 


surfaces and of the curves V= V(¢) for two cases of Figures 6 and 7. 
The angle y is given by 


tany = — —- (20) 


The envelope can have cusps. This is the case when d(¢+y)/d@ changes sign 


when ¢ increases from o to z/2. 
The condition for the occurrence of a cusp, therefore, is 


‘d ( I —) 
dy dp\V_ do 
= 


ug 
2 
P(x,Z) 
dv 
S 
Q 
Vv 
4 
dat 
do 1 dV 
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+3 POINT OF THE CURVES v-v(¢) 
2 POINT OF WAVE SURFACES 
12 FULL STRAIGHT LINES JOIN CORRESPONDING 
POINTS OF BOTH CURVES 
ae POLAR REPRESENTATION OF V, NOT SHOWN 
oN 


CUSPS ARE NOT CLEARLY VISIBLE 


x 


$=0 


1G. 10. Points of wave surfaces and of the curves V=V(@), obtained from the data of Fig. 6, Case 1 by means 
of the construction of Fig. 9. The wave surface is not an ellipse. The wave surface V2 shows cusps. 


This can be written: 


V do dpo\V do 

Corresponding to the two roots V; and V2, the wave surface has two branches. 
The wave surface of equation (12) corresponding to the velocity V3 of the waves .e 
for which the particle displacement is perpendicular to a meridian plane completes os 
the picture. When the medium is isotropic, the wave surfaces V2 and V3 coincide . 


and become spheres. The wave surface V; becomes a larger sphere concentric 
with the other two. 
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Z(¢=F) 
o° 
90% ne... POLAR DIAGRAM OF NORMAL VELOCITY OF PLANE WAVES..... ... 
WAVE SURFACE V, STRAIGHT LINE IN Z=0 


X(=0) 


Fic. 11. Points of wave surfaces and of the curves V=V(¢), obtained from the data of Fig. 7, Case II by 
means of the construction of Fig. 9. The wave surface V2 has cusps on the x and z axes. These cusps are outside 
the corresponding wave surface V3. 


Rudzki (1911) obtained a parametric expression for the wave surfaces Vi and 
V2 and showed that the outer one (Vi) cannot have cusps. The wave surface V2 
can have cusps. The computation becomes involved and we shall be satisfied 
merely to show examples of wave surfaces with and without cusps. 

In Figure 12, the relations between the polar curve of V(¢) and the wave 
surface are shown for the case where cusps occur. Between the cusps of the wave 
surface, the radius vector of the latter turns in the opposite direction to that of 
the corresponding radius vector of the curve V(@). 

We saw that 

Cut C33 — C33 


Ca S < pV S + cos 2¢ 
2 2 


PR. 
| | | mi 
10° 


ide 
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and that the equality signs are only valid for arbitrary ¢ when the medium degen- 
erates into an isotropic medium. If the equality signs had been valid, the wave 
surface for Vi(=+/Rj/p) would have been an ellipsoid of revolution, and the 
wave surface V2 a sphere. We therefore conclude that the wave surfaces of V; 
and V2 are never ellipsoids. 

Love (1934, art. 209) identifies the wave surface with the “surface bounding 
the disturbed portion of the medium after the lapse of one unit of time, beginning 
at an instant when the disturbance is confined to the immediate neighborhood 


Z| 


WAVE “42 

SURFACE 


Fic. 12. Relation between a wave surface with cusps and the polar representation of the 
normal velocity. Corresponding points are indicated by the same numerals. 


ie / cusP 


= 


0'O x 


of the origin.”” When the wave surface has cusps, this interpretation does not 
have an exact meaning, as will be appreciated by consideration of Figure 12, 
and it appears that these simple considerations are not sufficient to produce a 
satisfactory picture. This difficulty does not appear when there are no cusps. 
However, in this case also, a closer examination, which involves the solution of 
the wave equation for a point source in an initially undisturbed mediun,, is neces- 
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sary. Though we cannot prove the validity of Love’s interpretation of a wave sur- 
face without cusps, we are on fairly safe ground when we assume that in this case 
it is correct, for it is well known that the interpretation holds in an isotropic 
medium where the outer spherical wavefront actually separates the disturbed 
from the undisturbed region. We accept Love’s interpretation when we consider 
the wavefront generated by a shot in a stratified medium to be a wave surface. 
We are usually only interested in the fastest waves. In principle the shape of 
the wave surface can be determined experimentally according to the scheme 
shown in Figure 13. A well geophone is placed in a well and shots are fired at 
the surface over a range of distances from the well head. The velocity along a 
ray can be determined (assuming straight-line paths) by measuring arrival times. 


WELL SURFACE OF THE EARTH SHOT POINT 


WAVE SURFACE 


WELL SEISMOMETER 
Fic. 13. Relation between the wave surface and observed travel time. 


When these velocities are plotted along the rays with the well geophone as center, 
we obtain a graphical representation of the wave surface. 

For an account of actual determinations of anisotropy, we refer to the papers 
by Uhrig and Van Melle, Hagedoorn, and Cholet and Richard. 

We have seen that two of the wave surfaces are never ellipsoids, but from the 
numerical examples, it appears that in many cases they are close to being ellip- 
soids. In view of the approximate nature of the representation of the stratified 
medium by a homogeneous transversely isotropic medium, it may be justifiable 
to base calculations and constructions on an assumed ellipsoidal wave surface. If 
this is done, however, we must realize that no surface measurements alone can 
give us complete information on anisotropy in a horizontally stratified region. It 
will be necessary to have additional information from wells. 
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CONCLUSIONS 


1) A periodic system of alternating isotropic layers of different density and 
elasticity can be regarded as a homogeneous transversely isotropic system as far 
as the propagation of elastic waves is concerned, provided that the wavelengths 
involved are large compared to the thicknesses of the layers. 

2) In a transversely isotropic medium, as in any anisotropic medium, there 
are three types of waves, which may be compared to longitudinal and transverse 
waves of different polarization in an isotropic medium. The velocity of propaga- 
tion of each of these types of waves in general depends on the direction of the 
normal to the wavefronts. Referring to the direction of the axis of symmetry as 
vertical, we find that the vertical velocity of the fastest wave, Vi(1/2), is smaller 
than the larger of the P velocities of the component isotropic media. Likewise, 
we find that the horizontal velocity of the fastest wave, V:(o), is smaller than the 
larger P-wave velocity of the two component media. (This is not proved in this 
paper, but can readily be verified.) 

3) The velocities Vi, V2, V3 depend not only on the velocities of the component 
media, but also on their densities, and the relative thicknesses of the layers. 

4) The direction of the line of the particle displacement is, in general, neither 
in the direction of propagation nor perpendicular to it. Only for special directions 
is this the case, Only the waves where the particle displacement is perpendicular 
to a meridian plane are purely transverse. 

5) The medium behaves as an isotropic medium when the rigidities wy; and 
v2 in the two component media are the same. The anisotropy is the more marked 
the greater the difference in rigidity. 

6) The wave surfaces of the waves where the particles oscillate in a meridian 
plane are never ellipsoids. The wave surface of the waves where the particles 
oscillate perpendicularly to a meridian plane is an ellipsoid of revolution. 

7) The wave surfaces of the faster waves where the particles oscillate in the 
meridian plane cannot have cusps; the wave surfaces of the slower ones can. 

8) Further investigation is necessary to determine whether the wave surfaces 
can be regarded as surfaces bounding the disturbed and undisturbed part of the 
medium when the source is a point source. 

9) The polar curve representing the velocity V: of the fastest plane waves in 
the direction of the normal as a function of the direction of the normal always 
falls inside the curve which would correspond to an ellipsoidal wave surface on 
the principal semi-axes 


cu 
Vi(o) = and Vi (=) = 
p 2 p 
Correspondingly, the curve representing the velocity V2 as a function of ¢ in polar 


coordinates always falls outside the circle Va=~V/Ca4/p. 
10) In those cases where the wave surfaces differ but little from an ellipsoid 
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it becomes impossible to determine the presence of transverse isotropy from sur- 

face measurements alone where it is assumed that the layering is horizontal. 
11) For the interpretation of refraction work, it can be very important to 

take anisotropy into account. To a lesser degree, this is true for reflection work. 
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MINIMUM VARIANCE IN GRAVITY ANALYSIS 


Part 1: ONE-DIMENSIONAL* 


WILLIAM FULLER BROWN, JR.t 


ABSTRACT 


Suppose that we have measurements of the vertical intensity of gravity or the magnetic field at 
points; we wish to estimate a second derivative or the like at a specified point. If there were no experi- 
mental error, we could interpolate and differentiate well enough with a polynomial of degree k—1 
<n—1. What shall we do when experimental error is present? The minimum-variance principle says: 
adjust the n—k arbitrary constants of the polynomial formula so as to minimize the mean square 
error (variance) of the estimated quantity. By applying this principle directly, we can get “best” 
estimation formulas of specified degree k. We can also get “best” formulas by a least-squares method; 
it gives the same results as the minimum-variance method, by a theorem of mathematical statistics. 
The theorem furthermore enables us to estimate the variance and to choose a satisfactory value of k. 
For shortening the calculations, orthogonal polynomials are useful; tables of them are available in 
several places, and tables of their derivatives are given here. The methods are illustrated by applying 
them to several made-up examples of data with known random errors. 


I. INTRODUCTION 


Objective 


In studying gra. cational (or magnetic) fields on the earth’s surface, we must 
often use the measured field intensities to calculate other quantities: for instance, 
second vertical derivatives. Experimental errors in the data produce large errors 
in the derivatives (Elkins, 1940, 1952). To improve the precision, some writers 
have used least-squares adjustments (Peters, 1949; Elkins, 1951), and others 
have used a different kind of smoothing formula (Bullard and Cooper, 1948; 
Grant, 1952a, 1952); but none have fully exploited the standard techniques of 
mathematical statistics. My aim in this article is to do this, or at least to make a 
start toward it. 


Basic Principle 

For this purpose, I adopt a single basic principle. That principle is: minimize 
the mean-square random error in the calculated result. This is the “minimum- 
variance”’ principle. It is closely related to many useful techniques of statistics. 
These include not only the formalism of least squares, but also use of orthogonal 
functions (a very powerful tool), estimation of variance, significance tests, and 
calculation of confidence limits. 


Limitation of Scope 


Some physical quantities can be calculated from values of the measured ver- 
tical intensity over a finite region. This is true of the even vertical derivatives, 


* Manuscript received by the Editor December 27, 1954. 
¢ Sun Oil Company, Sun Physical Laboratory. Newtown Square, Pennsylvania. 
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and of the mean of the upward- and downward-continued intensities. Other 
physical quantities require integration over an infinite region. This is true of the 
odd vertical derivatives, and of the upward-continued intensity. This article 
treats only quantities of the first group. 


Outline 


Part 1 deals with data taken along a line. The mathematical operations are 
then one-dimensional, though the fields under study may be three-dimensional. 
Part 2 will extend the treatment to data taken on a plane. 

In Part 1, the order of topics is as follows: Section 2 defines the theoretical 
model. Section 3 applies the minimum-variance principle directly to an illustra- 
tive problem. Section 4 relates the principle to least-squares methods. Section 
5 treats orthogonal functions. Section 6 illustrates the theory by applying it to 
numerical examples. 


2. THEORETICAL MODEL 


Physical and Statistical Assumptions 


We know the observed intensity at points x; along a line on the earth’s 
surface. When the points are uniformly spaced at interval h, we choose the units 
so that h=1. We assume that the observed intensity g; at point x; is of the form 


= 1 + (2-1) 


where 7; is the actual intensity and e; is the experimental error. To 7; and e; we 
attribute the following properties. 

The actual intensity 7; is a smoothly varying function of x, n:=n(x,). Over 
the range of the 7 x,’s, n(x) differs negligibly from a polynomial of degree k—1; 
“negligibly” means that the errors of approximation are small in comparison with 
the experimental error. The density of points is large enough so that is consider- 
ably larger than k. The polynomial would therefore be overdetermined by the 
data if there were no experimental error. In the presence of experimental error, 
the extra n—k observed values give us some statistical control over the error in 
calculated quantities. 

The experimental error e; is a random variable with mean zero and variance ~ 
(mean square deviation from the mean) o?. The errors ¢;, €; at different points 
are independent; therefore their mean product vanishes. The variance o? is the - 
same for all z’s but need not be known. Most of the results to be obtained require 
only these properties; in particular, they do not require that the distribution of 
the e,;’s be normal (Gaussian). The significance tests and confidence limits, how- 
ever, are valid only when the distribution is normal. 


The Estimation Problem 


The quantity to be estimated is typically a derivative of » with respect to 
x at a specified point: for instance, 7’’(o). An estimate of n’’(o), calculated from 
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the observations g;, will be represented by 7’’(o); the two quantities 7’’(o) and 
n’’(o) will always be distinguished. For general discussion, a quantity to be esti- 
mated will be represented by w and its estimate by w. 

In the absence of experimental error, we could use a linear formula 


wo = (2-2) 


to calculate w. To find the a,’s, we would require that the formula be exact when- 
ever n(x) was a polynomial of degree S<k—1; but this requirement would impose 
only k conditions on the ma,’s, and therefore we could set n—k of the a,’s equal 
to zero or to arbitrary values. 

In the presence of experimental error, we use an analogous formula, 


w= (2-3) 


but instead of assigning arbitrary values to n—k of the a,’s, we choose them so 
as to get as precise an estimate of was we can. Explicitly, we minimize the mean- 
square error in w; the mean is taken over many similar experiments with data of 
equal precision. In statistical parlance, we minimize the population mean of the 
square of the deviation of w from its population mean; that is, we minimize the 
population variance of w. 

The minimization is subject to k exactness conditions. For formula (2-3) 
must give the right result when there is no experimental error and when (x) is 
a polynomial of degree <k—1; therefore the a,’s must satisfy (2-2) whenever w 
is such a polynomial. To express the k exactness conditions algebraically, we may 
(for instance) calculate w for each of the k functions n=1, x, x?,- +--+, x* 1 and 
substitute in (2-2). 

Instead of saying that formula (2-3) must give the right result when there is 
no experimental error, we may say that the expected value (population mean) 
of w must be w. In statistical parlance, w is to be an unbiased estimate of w if 
n(x) is a polynomial of degree Sk—1. 

The variance to be minimized is 


ow? = a;?. (2-4) 


This formula holds only because the e,’s are independent. Otherwise we should 
have to add terms o7p,;a:a;, where p;; is the correlation coefficient of and 


Methods of Solution 


This minimization problem leads to the theory of minimum-variance unbiased 
linear estimates, or best linear estimates: see Gauss (1823), Markoff (1912, p. 
218 ff.), Aitken (1935), and David and Neyman (1938). The standard theory 
reduces the problem to a conventional least-squares problem. There are some 
advantages, however, in a direct application of the minimum-variance principle. 
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Section 3 illustrates the direct method; Section 4 deals with the relation to least- 
squares theory. 


3. THE MINIMUM-VARIANCE METHOD 


A Particular Problem 


Consider the case w=n’’(o), k= 4: the quantity to be estimated is the second 
derivative at x=o, and a polynomial of degree 3 is a good approximation. Equa- 
tion (2-2) must be satisfied for 7=1, x, x?, or x*; these give n’’(o) =o, 0, 2, o re- 
spectively. The a,’s are therefore subject to the four conditions }>;a;=0, Dax; 


Assume that the points are distributed symmetrically about x=o0; then by 
symmetry, a_;=a; for i~o. The second and fourth conditions have now been 
satisfied; the problem is therefore to minimize o,?, or more simply )_.a,? (see 
equation (2-4)), under the two conditions 


= 0, a;x,? = 2. (3-1) 


Solution 


The minimization can be accomplished by the method of Lagrangian multi- 
pliers. For arbitrary small variations 6a,(i20), with 6a;=6a_, for i>0, the varia- 
tion 


5 > a? —L; = (a; — Ly — 
2 i i i i 


must vanish; LZ; and J» are constants, so far undetermined. Since dao and 6a; 
=§a_,(i>0o) are arbitrary, the coefficient of each must vanish; therefore 
a; = Li + Lox,?. (3-2) 
To determine LZ; and J», substitute (3-2) in (3-1): 
Lyn+ Le x;? = 0, 


Li +12 > = 2. (3-3) 
Solve for Z; and I», and substitute the results in (3-2): 
j 


with 


he 
t 
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The variance o,? of w, thus minimized, is 


Ow? = o?-4n/D. (3-6) 
Special Cases 
For five points, 4;=1(¢= —2, —1, 0, 1, 2), formulas (3-4)—-(3-6) give 7a;=(2, 
—I, —2, —I, 2), ?/o?= 2/7. For seven points, x;=i(i= —3, —2, —1, 0, I, 2, 3), . 


they give 42a;=(5, 0, —3, —4, —3, 0, 5), Gu?/o?=1/21. 


An A pplication to Gravity 


With these coefficients, we can estimate the second vertical derivative, a 
at the central point of a symmetric cross-shaped 
array. The points on the x-axis give an estimate of 0°n/dx?, and the points on : 
the y-axis give an estimate of 077/dy?. The resulting estimate of 0’y/dz? is not 
quite the best possible from the given array, because we treat the central point 
inconsistently in the x and y calculations. For the g-point array, (x= —2 to +2, 
y=o) and (x=o, y= —2 to +2), this method gives o,,/¢=0.857; for the 13-point 
array, (x= —3 to +3, y=o) and (x=o, y= —3 to +3), it gives 
The two-dimensional method, to be developed in Part 2, gives a smaller o,/o 
because it treats the central point consistently. 


4. THE LEAST-SQUARES METHOD 


The Particular Problem as an Example 


Another method of solving the problem of Section 3 is: fit the data to a poly- 
nomial of the prescribed degree, by least squares, and then differentiate this 
polynomial. Explicitly: if n(x) =yo+vi%+2%?+73%5 is the exact polynomial and if 
n(x) =cotax+cox?+¢3x3 is the estimated polynomial, choose the ¢,’s to minimize 


Q= y (gs — (4-1) 


with 7;=7(«;); then estimate n’’(o) as 
= 2¢2. (4-2) 


Is this estimate the same as the other? 

For the assumed symmetrical array of points, > ,;«;7=o for r odd; therefore 
the normal equations of the least-squares problem break up into two that deter- 
mine ¢o and cz; and two that determine ¢ and c;. The former two are 


Con + Co = 


the matrix of the coefficients is the same as for equations (3-3). By solution of 
(4-3) and substitution of the result in (4-2), 


3 
t 
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= (2/D) (nD ates Dai), (4-4) 


with D given by (3-5). Equation (4-4) is of the form (2-3), with a; given by (3-4). 
Therefore the least-squares estimate is the same as the best linear estimate. 


Generalization 

This is a special case of a general theorem stated and proved by David and 
Neyman (1938). In this theorem, 7; need not be a polynomial; it may be any 
function of the form 


n= YrUri; (4-5) 
r=0 


where, for each 7, u,; is a known function of 1(i=1, 2,° +--+, m) and y, is an un- 
known parameter. The corresponding form for w is 


k-1 
(4-6) 
r=0 
where the 2,’s are known quantities. The theorem states: the best linear estimate 
w of w can be found by substituting in (4-6) the best linear estimates c, of the 
7,’s; the c,’s in turn can be found by minimizing Q, equation (4-1), with 


k-1 
r=0 


is then the best linear estimate of 7;. The functions #13, Must 
be linearly independent with respect to the points 7: that is, they must not satisfy 
a relation of the form Cowoit+Cimit for i=1, 
except the trivial relation with Co=Ci= - + - =C,1=0. (In the example, ~,; 
= = 2, v-=0 for r¥ 2.) 

The explicit formulas ‘or the c,’s are 


Bese’ (4-8) 
the matrix (6,,) is the inverse of the matrix (a,,), whose elements are 
Ore = Aer = > Urittsiy (4-9) 
and 
h, = Urii- (4-10) 


The variance of ¢, is o7B,,; the covariance (mean product of deviations from the 
mean) of ¢c, and ¢, is o78,,; the variance of w is 


Ow? = >, (4-11) 


| 
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Estimation of Variance and Choice of Degree 


A further result of the theorem is that the minimized value of Q, Qo, has the 
expected value (population mean) 


E(Qo) = (n — k)o®. (4-12) 
It follows that the quantity 
s? = Qo/(n — k) (4-13) 


is an unbiased estimate of o?. This formula is useful for estimating the precision 
of the data, and it can also be used to determine the degree of polynomial neces- 
sary. This degree is usually not known in advance, as has been supposed so far; 
it must be determined by analysis of the data. The method of doing this is as 
follows. 

If the polynomial used is of too low degree, Qo will appreciably exceed the 
value (n—k)o?, because it includes not only random terms but also terms due to 
inadequacy of the polynomial approximation; s?, calculated by (4-13), will ap- 
preciably exceed oa”. But if the polynomial used is of too high degree, Qo will, on 
the average, have the value given by (4-12), and s? will on the average equal 
a. Suppose, therefore, that the data are successively fitted with polynomials of 
degrees 0, 1, -: + , #—2, and that in each case Qo and s? are calculated. Qo will 
decrease rapidly until all necessary polynomial terms have been included; it will 
then decrease, on the average, only by an amount o? per term. Meanwhile, s? 
will decrease rapidly until all necessary terms have been included; it will then 
remain constant, except for statistical fluctuations. 

The calculation just outlined is laborious when conventional least-squares 
methods are used, because it then requires many successive matrix inversions. 
To avoid these, we may use orthogonal functions (Section 5). 


Consequences of Normality 


All the results so far are independent of the distribution law of the ¢,’s, pro- — 


vided the mean is zero and the variance o? exists. If the distribution is normal, 
the following additional results follow (Cramér, 1946, Chapters 32-34, 37; Hald, 
1952a, Chapter 20). 

The estimates c,, w, 7; have normal distributions, which are completely deter- 
mined by their means and by their variances and covariances. The quantity 
Qo/o? has the chi-square distribution in »—k degrees of freedom (d.f.) and is 
independent of w, ¢,, 7;. The ratio (w—w)/sw, where sw is the estimate of o,, ob- 
tained by replacing o by s in (4-11), has Student’s /-distribution in n—k d.f. 
These facts can serve as a basis for significance tests and confidence-limit calcu- 
lations. Furthermore, the best linear estimate has minimum variance not only 
among all linear unbiased estimates (2-3), but among all regular unbiased esti- 
mates (Cramér, 1946, p. 481). 
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5. ORTHOGONAL FUNCTIONS 
Definition 
The formulas of Section 4 become simpler if the functions m;, #1;,°-- of ¢ 
satisfy the condition 
Unites = 0 for r¥s. (5-1) 


They are then said to be mutually orthogonal with respect to the points x, 
X2, 


Expansion Theorem 


Any mutually orthogonal functions mi, °° *, are linearly in- 
dependent: that is, no relation 


Coto: + Cin; Ca—1% = (5-2) 


can hold identically in i, except the trivial one with Co=Ci= ++ + =Cy1=0. 
(To prove that C, must be zero, multiply (5-2) by #s:, sum over i, and use (5-1).) 
But any +1 functions of m points must be linearly dependent; therefore an 
arbitrary function g; of i can be expressed in the form 


' r=0 

To determine the ¢,’s, multiply (5-3) by #,.:, sum over 7, and use (5-1). This gives 

(with a change of the summation index) 


= (1/S;) y (5-4) 


with 
Sy = thy (5-5) 


Statistical A pplication 


Now return to the least-squares problem of Section 4, and suppose that the 
k functions * , are orthogonal. By (4-9), (5-1), and (5-5), Ors 
= §,5;,, where 5,-=1, for s#r. The matrix (a,,) is diagonal, and its inverse 
(Bs) is also diagonal, with elements 6,,=6,,/S,. Therefore (4-8) reduces to (5-4). 
This means that to fit g; by least squares to a sum of & terms, covoitcamit -*° 
+¢,_1%4-1):, We merely omit the last »—& terms in the complete expansion (5-3). 
The result is the best linear estimate 7;, equation (4-7), of 7:, equation (4-5). 
The c,’s that are kept are the best linear estimates of the corresponding y,’s; 
the c,’s that are omitted are pure error, if the assumed form for 7 is in fact an 
adequate approximation (y,=o for r>k—1). 

The variance formula (4-11) becomes, for orthogonal functions, 


= a*/5.. (5-6) 


r=( 


7 
: 
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The variance of ¢, is o?/S,; the quantities c,./S, have variance o? and covariance 
zero. The minimized Q, Qo, is given by 


n—1 


Qo = (5-7) 


from which (4-12) follows directly. For practical calculation, (5-7) can be put into 
a more convenient form by use of the relation 


n—1 
L = = (5-8) 
r=0 
Subtraction of (5-8) from (5-7) gives 
QO = (5-9) 
r=0 
TABLE I 


SEcOND DERIVATIVES, AT CENTRAL Point (x=0), OF ORTHOGONAL PotyNomiAts £,’(x) FOR Opp 
NumMBeErs (n) oF Pornts: D*é,’(o) = 


D*,'(0) = N2/De 


n r Ne Prt 
3 2 +6 I 
5 2 +2 I 
4 6 
i: 2 +2 I 
4 —67 6 
6 +1519 15 
9 2 +6 I 
4 —1I§ 6 
6 +757 15 
8 — 327697 840 
i 2 +2 I 
4 —25 6 
6 +941 15 
8 — 178993 840 
10 +9440387 6300 
13 2 +2 I 
4 —247 6 
6 +1946 45 
8 — 70655 504 
10 +5502187 6300 
— 1197748877 207900 
15 2 +6 I 
4 —1655 6 
6 +7147 45 
8 —1267271 2520 
10 +11323661 3150 
12 —732999677 207900 
14 +209953547513 9459450 


oy 
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If tables of the orthogonal functions are available, the procedure for estimat- 
ing the y,’s and deciding how many terms to keep is as follows (see Section 6 
for an illustration). Compute .g,2. For each value of r (=o, 1, - ), compute 
Qor, and $,2=Qor/(n—r—1); the formula for 
Qor is Qoo= digi? —Soco?, Qor= Qow—-1) Cr? for r>o. The last Qor, should 
be zero except for rounding error. Inspect the S,c,? column; decide how many of 
the quantities S,c,”, from the bottom of the table up, can reasonably be considered 
to be the squares of uncorrelated random variables of mean zero and of common 
variance. Classify these ternis as error, and drop them. In deciding how many 
terms to keep, watch also the s,? column: its entries should be constant, except 
for statistical fluctuations, from the bottom up to and including the last row re- 
tained. The entry in this row is an estimate of o? (but see further discussion in 
Section 6, Estimates of Variance). 


Consequences of Normality 


So far, it has not been required that the distributions of the e,’s be normal. 
If they are normal, the following additional results are obtained. The c,’s are in- 
dependent normal random variables, and the sum of any » of the quantities S,c,?/0? 
with r<k has the chi-square distribution in v d.f. An estimate s? of o? can be 
found by averaging v quantities S,c,?(r=k). If s’? and s’’? are two such estimates, 
mutually independent and based on »’ and »’’ d.f. respectively, the ratio s’?/s’” 
has the F distribution in vy’ numerator d.f. and v’’ denominator d.f. The F test 
may therefore be used to compare an earlier group of terms with a later, as a test 
of the hypothesis that all are pure error. Or an individual c, may be tested against 
a group of v later ones by use of the ¢ test. 


Tabulated Orthogonal Polynomials 


For a polynomial fit, the functions u, of the conventional least-squares theory 
are I, x, x7,:--, “7,:-+:. The corresponding orthogonal functions are poly- 
nomials of degrees 0, 1, 2,:°-,7, °°. For uniformly spaced points at interval 
1, there are extensive tables of orthogonal polynomials; see especially Anderson 
and Houseman (1942), Birge (1947), Fisher and Yates (1949, Table XXIII), 
and DeLury (1950). All these authors tabulate the same functions, and all but 
Birge use Fisher’s notation &’,(x) to identify them; Birge uses the notation V,. 
The functions tabulated by Milne (1949, p. 375-381) in some cases differ from 
£’,(x) by a constant factor. Of the tables just mentioned, only DeLury’s give 
the polynomials of degrees 6<r<n—1 when n>6. Other references are given by 
Fletcher, Miller, and Rosenhead (1946, p. 363-364). 


Other Orthogonal Functions 


For special arrays of points, or for functions other than polynomials, special 
tables must usually be calculated. Any set of linearly independent functions 
U, can be replaced by a set of orthogonal functions u, by the following method. 


: 
a 


Compute in succession 


where 


= oi, 


= — riot: ], 


ba = A2[U2; = + |, 


Trs = (1/S;) Oyithss; 
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(5-10) 


(5-11) 


the A,’s are arbitrary. The rth step consists in removing from U,_; the part of it 
that can be expressed as a linear combination of u’s already computed; what is 
left is orthogonal to these w’s. 

The trigonometric functions used in practical Fourier analysis (Whittaker 
and Robinson, 1944) are orthogonal. The expansion (5-3) is a generalization of 
Fourier analysis. The orthogonal polynomials of degrees 0, 1, 2,--+ have 
respectively 0, 1, 2,° ++ zeros in the measurement interval; as functions of x 


in this interval, they resemble waves of successively shorter wave-length. 


TABLE 2 


FourtH DERIVATIVES, AT CENTRAL POINT (x=0), OF ORTHOGONAL POLYNOMIALS &;’(x) FOR ODD 
NuMBERS () oF Points: D*é,’(0) =N4/D,. 


D*é,'(0) = 


n Ds 
5 4 +70 I 
7 4 +14 I 
6 —406 I 
9 4 +14 I 
6 —106 I 
8 +14971 8 
II 4 +2 I 
6 —83 I 
8 +13937 24 
10 — 30228913 3780 
13 4 +14 I 
6 3 
8 +30481 120 
10 — 10605569 3780 
12 +535302833 16200 
15 4 +70 I 
6 — 322 3 
8 +15761 24 
10 — 7551674 945 
12 + 206035961 16200 
14 — 16736950313 124740 


|| 
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TABLE 3 


SrxtH DERIVATIVES, AT CENTRAL POINT (x=0), OF ORTHOGONAL POLYNOMIALS é,’(x) FOR ODD 
NuMBErs (n) oF Points: D®é,’(0) = N6/Ds. 


D'é,'(0) =N6/De 


n r Ne Ds 
7 6 +924 I 
9 6 +132 I 

8 —13299 2 

II 6 +66 I 

8 — 2431 2 

10 +2101957 60 

13 6 +22 I 
8 —715 2 

Io +457847 60 

12 —354443999 2160 

15 6 +44 I 
8 — 1339 2 

+911027 60 

12 — 88136279 2160 

14 + 5483082947 7560 


Derivatives 


In the application to gravity analysis, the quantity of ultimate interest is of 
the form (4-6). If w=n’’(o), for instance, then v,=4,’’(o); and the estimate of 
w is 

k—-1 
w= = (0). (5-12) 
r=0 


This formula is not directly useful unless tables of u,’’(o) are available. Deriva- 
tives of orthogonal polynomials at uniformly spaced data points can be calculated 
from tables of the polynomials themselves by standard methods of numerical 
differentiation (Whittaker and Robinson, 1944; Milne, 1949); the formulas are 
exact if all non-vanishing differences are kept. 

Tables of all the derivatives at all the ” points for all values of r, for odd and 
<15, have been deposited in the Unpublished Mathematical Tables file of 
Mathematical Tables and Other Aids to Computation (Brown and Dempsey, 
1950). Abridged tables are presented here (Tables 1-3);! they give only the sec- 
ond, fourth, and sixth derivatives at the central point. Most of the values were 
calculated by Mr. Carl W. Dempsey of the Sun Physical Laboratory. The 
derivatives tabulated are derivatives of the polynomials é’,(x) of Fisher and Yates, 
Anderson and Houseman, and DeLury, or of the polynomials V, of Birge. 


1 Permanently useful tables are numbered 1, 2, - - - and are assembled at the end of this article. 
Tables useful only in the discussion of the specific numerical examples of Section 6 are numbered 
6-1, 6-2,* ++ and are placed near the corresponding parts of the discussion. 
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Solution of an Estimation Problem 


Consider again the illustrative problem of Section 3: to estimate 7’’(o) from 
g(o), g(+1), etc. If we have tables of the orthogonal polynomials and of their 
derivatives, we can find the coefficients a; as follows. With a third-degree poly- 
nomial fit, formula (5-12) reduces to 9’’(0) =Ceue’’(o); then (5-4) gives 


w= 7""(0) = = (5-13) 


with 
Q; = U2'’(0)/S2. (5-14) 
The variance of w is, by (5-6), 
ow? = (5-15) 


For 5 points, x;=(—2, —1, 0, 1, 2), standard tables give u;= £'2(x;) =(2, 
—1I, —2, —1, 2), Ss=14; Table 1 gives u2’’(o)=2. Hence 7a;=(2, —1, —2, —1, 
2), Ow?/o?= 2/7. For 7 points, x= (—3, —2, —1, 0, TI, 2, 3), =(5, oO, 
—3, “4, 5), S2= 84, = 2. Hence 42a;=(5, Oy “4; “Gi 5); 
o»?/o2= 1/21. These results are the same as those of Section 3. 

The method applies to any number of points, degree of polynomial, and order 
of derivative, within the range of the tables. 


6. NUMERICAL EXAMPLES 
Synopsis 
The following examples are synthetic. Each was made up by adding to a 
known function n; a set of independent random “errors” e; from a normal popula- 
tion of zero mean and known variance. The “errors” were taken from a table 
of normal random deviates (Wold, 1948). In each example, the object is to decide 
the proper polynomial degree and to estimate n’’(o). 
Each example will be analyzed in three steps. First, those conclusions will 
be drawn that are not dependent on normality of the error distribution. Second, 


TABLE 4 
ORTHOGONAL POLYNOMIALS &,’(x) FOR 7 POINTS 
NOTE: £o'(x)=1; &'(x) &’(—x) 


bee r 2 3 4 5 6 r Sa 


° 
° —4 ° +6 ° —20 2 
I +1 +5 +15 3 
2 ° —4 — 6 4 
3 +5 +1 “+3 +1 ae 5 


: 
28 
924 
= 
| 
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TABLE 5 
ORTHOGONAL POLYNOMIALS £,’(%) FOR 13 POINTS 
Nove: £0’ (x) &1’(x) =x; &’(—x) =(—)"&'(x) 


r 
2 4 5 6 8 9 fe) II 12 
x 

° —14 o | +84 o | —40 o | +70 o | —252 o | +924 
I —13 | — 4 | +64 | +20] —20] —100] +10 | +30] + 78 | —132 | —792 
2 —10 | — 7 | +11 | +26 | +22] — 65 | —71 | — 6 | +210 | +165 | +495 
4 +2|— 6| —96|] —18 | + 8 | +103 | +89 | +32 | +166 | + 44] + 66 
5 +11 o | —66 | —33 | —s5 | —121 | —55 | —13 | — 49] — 10] — 12 
6 +22 | +11 | +09 | +22 |} +22] + 33 | 1 


Sr 
° 13 
I 182 
2 2002 
3 572 
4 68068 
5 6188 
6 14212 
7 92378 
8 38038 
9 6188 
Io 386308 
117572 
12 2704156 


those additional conclusions will be drawn that are justified if the distribution 
is normal. Third, the conclusions will be examined on the basis of the known 7,’s 
and ¢,’s. The third step is possible only in a synthetic problem. In an actual prob- 
lem, the first step is always possible and the second usually so. 

Tables 6-1 and 6-2? give the sets of ‘data’ for examples 1-4. Each consists of 
values of g; at 7 or at 13 uniformly spaced points. In each, the unit of x is taken 


TABLE 6-1 
ILLUSTRATIVE DATA (SYNTHETIC): 7 POINTS 


Example 1 Example 2 Example 3 

0.01916 0.01992 0.02316 
—2 0.02433 0.02619 0.04065 
—I 0.03301 0.03212 0.06382 

° 0.03821 0.03636 0.09522 

I 0.03905 0.04004 0.11393 

2 0.03852 0.03644 0.09699 

3 0.03174 0.03129 0.06301 


* See footnote 1 (p. 818). 
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TABLE 6-2 
ILLUSTRATIVE Data (SYNTHETIC): 13 POINTS 


£ g 


Example 4 


—6 0.02316 
0.03151 
—4 0.04065 
0.04976 
= 2 0.06382 
—I 0.07914 
° 0.09522 
©.10750 
2 0.11393 
3 0.10762 
4 0.09699 
5 0.07877 
6 0.06301 


so that the interval is 1. For reference, Table 4 gives the orthogonal polynomials 
for 7 points, and Table 5 for 13. 


Example 1 (7 Points) 


Normality Not Assumed.—Table 6-3 gives the orthogonal-polynomial analysis. 
From the columns headed S,c,? and s,?, one can make the reasonable inference 
that o? is of order of magnitude 10~, that the terms rS 2 are significant, and that 
the terms r24 are mostly error. The term r=3 is doubtful. A doubtful term, if 


TABLE 6-3 
ORTHOGONAL-POLYNOMIAL ANALYSIS OF EXAMPLE I 
igi?= .00752484 
r | Gr n—r—-1 
S167 = Qor 
° + .22402 + .03200286 .00716928 .00035556 6 .00005926 
+.07216 + .00257714 .00018597 .00016959 5 .00003392 
2 — .00136333 . 00015613 .00001 346 4 . 00000337 
3 — .00765 — .00127500 .00000975 .00000371 3 .QO000I 24 
4 + .01407 + .00009136 . 29 .00000242 2 . QOOOOI 2I 
5 — .01398 — .00016643 .00000233 . 00000009 I . 00000009 
6 — .00950 — .00001028 |— ° — 


kept, costs more in labor than it yields in information; we therefore drop the term 
r=3. Then our estimate of w is w=Cou2’’(0) = 2¢.= —0.00273. The estimated 
standard deviation of each g; and of each ¢,/S, is s=s2=+~/(3.37X 107%) 
= 0.001836. The estimated standard deviation of wis = 25/+1/S2=0.0004006. 
The estimates s and s,, are based on 4 d.f. 

Normality Assumed.—If the error distribution is normal, the doubtful term 
r=3 can be tested for significance against the variance estimate s3?= 1.24 KX 10° 
based on 3 d.f. If S3cs2= 9.75 X 10° is pure error, then F = S3c3?/s3?= 7.86 is drawn 
from a population that has the F distribution in 1 and 3 d.f. The value of F 


— 
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that is exceeded with probability 5% is Fso,=10.13 (Fisher and Yates, 1940, 
Table V). Since the observed F is less than this, cs is not significant at the 5% 
level. This gives us a further argument for dropping the term r= 3. 

Normality of the distribution also enables us to calculate confidence limits 
for w. The ratio (w—w)/s» has Student’s ¢ distribution in 4 d.f. The value of | | 
that is exceeded with probability 5% is tso,=2.776 (Fisher and Yates, 1949, 
Table III). The statement “—ts,<(w—w)/Sw<tsy,,” if made consistently in 
many problems, will therefore be true in 95% of all cases. The statement can be 
rephrased: ‘‘w lies in the interval w+éso,5,”’; in the present problem, the interval 
is —0.00273+0.00111, or —0.00384 to —o.00162. These are the ‘“‘95% con- 
fidence limits” for w: the statement that w lies in this interval is based on a rule 
that guarantees 95% truths and 5% falsehoods. 

Examination of Conclusions—The n of this example is the vertical field in- 
tensity of a point mass at depth z= 5 beneath the point x=1: n=32/r', r?=(x—1)? 
+3z?. The e,’s were obtained by reading entries from the table of random deviates 
and multiplying by a constant factor. The value of ’’(o) is —0.00351, which lies 
within the calculated confidence limits. However, this apparently satisfactory 
result needs further examination. 

The function 7 is not actually a polynomial. The question therefore arises: 
is a polynomial approximation adequate for calculating 7’’(0)? We can answer 
this question by calculating n’’(o) with the formulas of numerical calculus, which 
are based on polynomial interpolation. Bickley’s 7-point formula (Southwell, 
1946, p. 232) gives n’’(o) = —0.0034971, as against —0.0035148 by direct evalua- 
tion of d(z/r*)/dx. Therefore a polynomial approximation gives a good value of 
n’'(o) (good to within 0.5%) when there is no experimental error. 

But under the actual conditions of the example, the terms r> 2 were so hidden 
by experimental error that they could not be evaluated. This means that the 
omitted terms were negligibly small in 7; but they are not necessarily small in 
n’'(o), for differentiation emphasizes high-degree terms. A second-degree poly- 
nomial may introduce a trivial approximation error in 7 and a serious one in 7’. 
This possibility is not considered in the David-Neyman theory, which treats 
formulas (4-5) and (4-6) as exact. 

To test this idea, we can expand the exact function 7 in orthogonal polynomials 
and drop the terms after r=2. The resulting polynomial is 72=-youo(x) (2) 
+-y2ue(x), and its second derivative at x=o is m2'’(0) = 2y2= —0.00266. This is 
the quantity of which w is an unbiased estimate; as an estimate of n’’(o), w is 
biased by an amount —0.00266+0.00351=-+0.00085. It happens that both 
n’’(o) and 72’’(o) fall within the 95% confidence limits for w, but 72/’(o) is closer 
to the estimate w. 

Estimation of the bias must usually be based on general knowledge of the 
class of feld being studied; this is not primarily a statistical problem. The con- 
fidence limits take no account of this kind of bias; they allow only for random 
error. 

In this example there is no possibility of evaluating a fourth derivative. If we 
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wish to estimate a fourth derivative, we must get new data in the same region: 
either more precise data, or many more data of the same precision. 


Example 2 (7 Points) 

Normality Not Assumed.—Table 6-4 gives the orthogonal-polynomial analy- 
sis. As before, the term r=3 is doubtful and the later terms are evidently mostly 
error. By omitting terms r23 we get w=—0.00259, S=S2=0.00192I, Sy= 
0.0004192 (4 d.f.). 

Normality Assumed.—lf the distribution is normal, the test of the doubtful 
term r=3 gives F=S3¢;?/s3? =6.10 (1 and 3 d.f.), not significant at the 5% level. 
The 95% confidence limits for w are —0.00259+0.00116, or —0.00375 and 
— 0.00143. 


TABLE 6-4 
ORTHOGONAL-POLYNOMIAL ANALYSIS OF EXAMPLE 2 
Digi? = .00741949 
r gi Cr=h,/Sy n—r—I 
S16? = Qor 
fo) + .22326 + .03189429 .00712072 .00029877 6 .00004980 
I + .06343 + .00226536 .00014369 . 00015508 5 . 00003012 
2 — .10857 — .00129250 .00014033 . 00001475 4 .00000369 
3 — .00770 — .001 28333 .00000988 .00000487 3 . 00000162 
4 + .00644 + .00004182 .00000027 .00000460 2 .00000230 
5 +.01447 + .00017226 .00000249 . 0000021 I I 0000211 
6 + .04413 + .00004776 .000002I1 . 00000000 ° 


Examination of Conclusions —The function of this example is the third- 
degree polynomial approximation to the 7 of example 1, viz., yototyita tote 
+-su3. The term in u3 does not contribute to n’’(o), which therefore is —0.00266. 
It falls well within the 95% confidence limits. 

In this example, where (x) has been artificially constructed to be exactly a 
polynomial, w is an unbiased estimate of n’’(o); in example 1, w as an estimate 
of n’’(o) was subject to a bias +0.00085. Physically this has the following mean- 
ing. If the measurements were to be repeated many times in a place where the 
true intensity was the n(x) of the present example, the average of the estimates w 
from the various sets of measurements would almost certainly lie close to n’’(o); 
in a place where the true intensity was the n(«) of example 1, this average would 
almost certainly differ from ’’(0) by about +0.00085. Example 1, of course, is 
more representative of actual field data. 


Example 3 (7 points) 


Normality Not Assumed.—Table 6-5 gives the orthogonal-polynomial analy- 
sis. Except from r=4 to r=5, there is a steady decrease of S,c,. Such a steady 
decrease suggests that in order to fit the function n(x) to well within the random 
error, it is necessary to keep most of the possible polynomial terms; and this 
leaves too few degrees of freedom for reliable estimation of the random error. The 
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TABLE 6-5 
ORTHOGONAL-POLYNOMIAL ANALYSIS OF EXAMPLE 3 


.04168601 


S16? = Qor 
° +.49678 + .07096857 .03525577 .00643024 6 .OO107I71 
I +. 28234 + .01008357 .00284700 00358324 5 .00071665 
2 — .48328 — .00575333 .00278047 .00080277 4 .00020069 
3 — .06660 — .OII 10000 .00073926 .00006351 3 . 00002117 
4 +.04410 + .00028636 .00001 263 .00005088 2 .00002544 
5 + .06504 + .00077429 .00005036 . 0000005 2 I «0000005 2 
6 + .02218 + .00002400 .00000053 |— ° 


only satisfactory remedy is to measure at additional points over the same inter- 
val; this will be done in example 4. Meanwhile, we tentatively classify the terms 
r>3 as pure error; then w= —o.01151, S=s3=0.004601, Sy=0.001004 (3 d.f.). 

Normality Assumed.—The cubic term is significant at the 1% level: F = 739.26 
/21.17= 34.92, Fig, = 34.12 (1 and 3 d.f.). The 95% confidence limits for w are 
—0.01151+0.00319. This result is subject to considerable suspicion of bias. 

Examination of Conclusions.—This will be postponed until the related exam- 
ple 4 has been discussed. 


Example 4 (13 Points) 

The data of example 4 consist of the data of example 3 and of additional 
data, at the midpoints of the previous intervals. Because the analysis of the 
original 7 values aroused suspicion that some of the rejected terms might be 
important, we have returned to the scene and taken some more “‘measurements.”’ 
In example 4 we change to a new x-scale, on which the new interval is 1. On this 
new scale, the previous confidence interval for w becomes — 0.002878 + 0.000798 
(one-fourth the previous numerical values). 


TABLE 6-6 
ORTHOGONAL-POLYNOMIAL ANALYSIS OF EXAMPLE 4 
igi? = .08076112 
r hp => Cr™ hy Sy n—r—I $2 
S167? = Qor 
° +0.95108 + .07316000 .06958101 -O1118011 I2 .00093168 
I +1.00292 + .00551055 .00552664 .00565347 II 00051395 
— 2.93970 — .00146838 .00431660 .00133687 10 . 00013369 
—o.82678 — .00144542 . OOLIQ504 .00014183 9 .00001576 
4 +1.43908 + .00002114 . 00003042 .OOOIII4I 8 . 00001393 
5 +0.80952 + .00013082 . 00010590 .000005 51 7 . 00000079 
6 +0.06770 + .000004.76 .0000003 2 .00000519 6 .00000087 
—9.35404 — .00000383 . 000001 36 .00000383 5 . 00000077 
8 +0.05376 + 41 .00000008 .00000375 4 . 00000094. 
9 +0.02468 + .00000399 . .00000365 3 . OOOOOI 22 
10 +0.99822 + .00000258 .00000258 . 00000107 2 .00000054. 
II +0. 20624 .00000175 00000036 .©000007 I I . 00000071 
+1.37410 -++ .00000051 .0©0000070 . ° 
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Normality Not Assumed.—Table 6-6 gives the orthogonal-polynomial analy- 
sis. The last column shows that a fifth-degree polynomial is sufficient. Therefore 
W = Cotte" '(0) = 262— (247/6)64= — 0.003807; = 55= 0.000889 (7 d.f.). To 
find s»?, we must multiply s? by (2)?/S2+(247/6)?/S4: see Eq. (5-6). This gives 
Sw=0.000146 (7 d.f.). 

Normality Assumed.—The term r= 5 is significant at the 0.1% level (“highly 
significant”): F = 10590/79=134.1; Foiy%=29.25 (1 and 7 d.f.). For 7 d.f., 
= 2.365; therefore the 95% confidence limits for w are —0.003807+0.000345. 
The new estimate does not fall within the old confidence limits, nor the old 
within the new. This confirms the previous suspicion that the estimate — 0.002878 
was biased, because of omission of a significant fourth-degree term. The amount 
of the bias can now be estimated as —0.002878-+0.003807 = +0.000929. 

Examination of Conclusions—In examples 3 and 4, 7 is the field of a point 
mass at depth z=3 beneath the point «=1, in the units of example 3: n=2/r', 
r? = (x—1)?+2?. The actual value of n’’(o) is —0.01423 in the units of example 3 
and —o0.003558 in the units of example 4. This falls within both the old and the 
new confidence limits. The old estimate, — 0.002878, is actually an unbiased esti- 
mate of 272/4= —0.002767; as an estimate of n’’(0) = — 0.003558, it is biased by 
an amount —0.002767+0.003558= +0.000791. This same bias was estimated in 
the last. paragraph as +0.000929. 


Estimates of Variance 


Normality Not Assumed.—In each of the examples, the variance o? was esti- 
mated independently from the data of that example. Suppose that the various 
sets of ‘‘measurements” were taken under the same experimental conditions, so 
that the variance is constant. Then independent estimates s,1)?, s(2)?, - - + , based 
ON Va), d.f., can be pooled to get a better estimate, s*= 
based ony = >; 1 d.f. Here we have 


$<)? = 3.37 X 107%, Yay = 43 
$(2)” = 3.69 X 10°%, v2) = 4; 
= 0.79 X 107%, = 7- 


The estimate si)? from example 3 is not independent of sj)? and has therefore 
been omitted. The pooled estimate is 


s? = 2.25 X 10°, y= 15. 


This estimate includes contributions from the doubtful terms r= 3 in examples 
1 and 2. In each of these examples, S3c3? is larger than any of the entries below 
it; it was too small to be useful for estimating ’’(o), but it may still be too large 
to be useful for estimating s*. Such a doubtful term may be of the form 
S3(ys+e3’)?, where ys is comparable with the standard deviation of the random 
error ¢;’; then 3 is too small to be itself estimated reliably, but too large to be 
ignored in estimating the error level. Omission of these doubtful terms gives 
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Sq? = 1.24 X 107%, Fa) * 3: 
$(2)? = 1.62 X 10-8, V2) = 33 
S(4)> = 0.79 X 1074, = 7- 


The pooled estimate is 
s? = 1.08 X 10-8, vy = 13. 


From the doubtful terms themselves, we get a pooled estimate s’?= 3(9.75+9.88) 
X10 *=9.815 X10-*, 2 d.f.; and from the remaining terms of examples 1 and 2 
alone, we get a pooled estimate s’’?=}(1.24+1.62) X10-=1.430X10-°, 6 d.f. 
These numbers strongly suggest that the doubtful terms, if included, would lead 
to a high estimate of o?, and that the estimate 1.08X10~® is better than the 
estimate 2.25 X 107, 

Normality Assumed.—lIf the error distribution is normal, the suspicion in re- 
gard to the doubtful terms can be tested quantitatively. Even though S3c3? was 
not significant according to individual F tests in examples 1 and 2, the pooled 
estimate s’? based on the two examples may prove significant when tested against 
s’’?, because of the increase in sensitivity of the test when the numbers of degrees 
of freedom are increased. This test gives F=s’?/s'’?=9.815/1.430=6.86 (2 
numerator and 6 denominator d.f.); F is significant at the 5% level (Fsx,= 5.14), 
though not at the 1% (Fig,= 10.92). The still more sensitive test against 13 d.f. 
gives F=9.815/1.08=9.09 (2 and 13 d.f.); F is significant at the 1% level 
(Fig, = 6.70). Therefore the terms r= 3 in examples 1 and 2 should be omitted in 
estimating o?. 

Confidence limits for o? can now be calculated. When s? is based on » d.f., 
vs*/o? has the x? distribution in v d.f. Let x2 and x2? be the values such that 
x?<xi? with probability 2.5% and x?<x2? with probability 97.5%, so that 
x?<x?<x2? with probability 95%. Then the symmetrical upper and lower 95% 
confidence limits for o? are vs?/x,” and vs?/ x2". Here v=13, 5.01, x2”= 24.7 
(Hald, 1952, Table V or Table VI), and the 95% confidence limits for o” are 
2.81 X 10-6 and 0.57 X 107°. If the doubtful terms were kept, the figures would be 
v=15, x17= 6.26, 27.5, 95% confidence limits 5.39 X10~6 and 1.23 X107°. 

Examination of Conclusions.—The population variance of the table of random 
normal deviates is 1.00; the entries were multiplied by 10~%, therefore the vari- 
ance a? is 1.00 X10~®. The 27 values drawn from the table and used in the exam- 
ples have a sample variance of 1.10 10~®. Both the population variance and the 
sample variance fall within the 95% confidence interval calculated by leaving 
out the doubtful terms, but below the interval calculated by including them. 
Inclusion of terms that are significantly not pure error will, on the average, bias 
the estimate s? upward; for the expected value of S,(y,+e,”)? is 0”. 

The “errors” were read from Wold’s tables as follows: example 1, page 1, 
column 3; example 2, page 1, column 4; example 3, page 1, column 1; additional 
values for example 4, page 2, column 1. Values were read from the top of the 
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column down for x increasing. The reader now has enough information to verify 
the whole calculation. 


Test of Normality 


If we had many sets of data like the examples, all taken under the same ex- 
perimental conditions, we could test the error distribution for normality. So far, 
we have accumulated 13 quantities c,./S,) that we have classified as pure error 
(examples 1 and 2, r24; example 4, r26). If we had, say, 100 such quantities, 
we could test for goodness of fit by the x? method (Cramér, 1946, Chapter 30). 
This method requires arranging the quantities into groups of known theoretical 
probabilities, with at least 10 in each group. 


General Conclusions 


These examples demonstrate that by statistical analysis of the data, it is 
possible to get: (1) reliable estimates of certain derivatives; (2) estimates of the 
reliability of these estimates; (3) the information that certain other derivatives 
cannot be evaluated without more precise or more plentiful data; (4) grounds for 
suspecting that in certain sets of data the points are too far apart; (5) pooled 
estimates of the error level in a number of similar experiments. All the conclusions 
drawn have only statistical validity; but that statistical validity can be described 
quantitatively. 
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GRAVITY INVESTIGATIONS IN THE HOCKLEY SALT DOME, 
HARRIS COUNTY, TEXAS* 


W. E. ALLEN,+ H. J. CAILLOUET,} anv L. STANLEY} 


ABSTRACT 


Gravity measurements at the surface, in the shaft, and in the drifts of the United Salt Com- 
pany’s mine at the Hockley salt dome have been analyzed to determine densities of sediments, cap 
rock, and salt rock. 

The curve derived from the gravity changes indicates the presence of lithologic breaks that corre- 
spond with the known geology of the shaft. The density values computed from this curve correspond 
closely with accepted values for near-surface clastic sediments, limestone, gypsum rock, anhydrite 
rock, and salt rock. 


INTRODUCTION 


It is possible that a gravity meter capable of being lowered into a borehole 
may be developed in the near future. This prospect prompted several graduate 
students of the Geology Department of the University of Houston, on the advice 
of Mr. S. P. Worden of Houston Technical Laboratories, to undertake some grav- 
ity measurements inside the Hockley salt dome. The purpose of this survey was to 
develop computing and interpretation procedures for subsurface gravity measure- 
ments and to determine the applications as well as limitations of this exploration 
technique. In addition, it is hoped that the results of this study will be useful in 
isolating and solving some of the design and operation problems of remote-con- 
trolled borehole gravity meters, as well as in focusing attention on subsurface 
methods of gravity investigation, particularly for the Gulf Coast. 

The gravitational field in the Gulf Coast is distorted by intrusive salt plugs 
whose gravitational anomalies overlap locally. This condition could cause serious 
errors in underground vertical-gradient gravity surveys. However, the present 
work shows that useful data can be obtained in the center of a large complex 
gravity anomaly. 

Hammer (1950) and Rogers (1952) have published the results of two under- 
ground vertical gravity surveys, and Smith (1950) has discussed the theoretical 
aspects of borehole gravity meter surveys. 


LOCATION 


The Hockley dome is situated 4.5 miles south of the village of Hockley in 
Harris County, Texas, about 32 air-line miles northwest of Houston. It was 
selected because of the presence of a deep vertical mine shaft in which gravity 


* Presented at the Gulf Coast Regional Meeting of the SEG in May, 1954. Manuscript received 
by the Editor February 3, 1955. 

t Graduate student in Geology Department, University of Houston, Texas. Member of Houston 
Student Section of the Society of Exploration Geophysicists. 


829 


i} 
| 


830 W. E. ALLEN, H. J. CAILLOUET, AND L. STANLEY 


observations could be made toa depth approximating that of a shallow borehole. 
The field work was conducted intermittently, beginning in November, 1953 and 
ending in May, 1954. 

GENERAL GEOLOGY 


The general geology of the Hockley area is presented to aid the reader in 
understanding the geophysical information developed by this study. The dome 
occurs under the southeastern margin of a pronounced topographic feature known 
as the Williana Terrace, which is underlain by sands and gravels of the Willis for- 
mation. The general trend of the terrace margin on the eastern edge of the salt 
dome is north 55 degrees east, but it extends in a westward direction toward the 
south edge of the dome. The average elevation of the terrace near the dome is 
approximately 200 feet above sea level. The dome rises about 50 feet above the 
plains of the Lissie formation to the southeast. 

Hockley, unlike some of the better known Gulf Coast salt domes, (according 
to Deussen and Lane, 1925) does not have the topographic expression of a dome 
at the surface. This may be due, in part, to its location. It is situated immediately 
northwest of the seaward-facing scarp terminating the Williana Terrace. This 
scarp, which separates the Willis from the Lissie formation, is the most pro- 
nounced topographic feature in the area comprising the southeastern margin of 
the Willis formation. Outcrops of this formation occur on the east, south, and 
southwest sides of the dome. 


Surface Geology 

Surface exposures in the area of the Hockley Dome are scarce because of the 
unconsolidated character and horizontal attitude of the beds at the surface. Near 
the southeast corner of Robert Hall survey, outcrops of red sand are widespread. 
These outcrops are probably subsoils derived from the Willis formation. 

Exposures of gray sandstone occur toward the southern flank of the dome, in 
Thomas Coghill survey and near Big Cypress Creek. Although these exposures 
were assigned to the Miocene or lower Pliocene by Alexander Deussen, their age 
is still uncertain. These older rocks, above the cap rock, have been brought to 
the surface by the uplift. 


Subsurface Geology 

The salt-rock core at Hockley rises to within 1,010 feet of the surface. At its 
top it is approximately 15,000 ft in diameter along its NW-SE axis and about 
10,000 ft along its NE-SW axis. 

The cap rock immediately overlying the salt core has a thickness of 995 ft 
in some areas, tapering toward the edges of the dome. The limits of the cap rock 
at the 1,000-foot contour are shown by cross marks in Fig. 3. 

The bottom layer of the cap is chiefly anhydrite rock, characterized by many 
joint systems. The horizontal joint planes are smooth but have slickensides. 
A fine coating of pyrite gives these joint planes a dark appearance. 
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Gypsum rock overlies the anhydrite-rock layer. The gypsum has been de- 
scribed by H. B. Stenzel (1946), based on information obtained from the now 
abandonded gypsum mine over the dome. This mine is situated about 800 feet 
northwest of the salt-mine shaft. The gypsum-rock layer is present only over the 
central part of the cap rock. It disappears completely toward the edges of the 
dome and only 18 feet was penetrated in the salt-mine shaft. 

The top layer of the cap rock is a limestone which is brecciated and inter- 
woven with veins of calcite. Minor amounts of barite and strontianite occur as 
concretions, according to Teas (1931, p. 465). 

Above the cap rock are unconsolidated deposits of Miocene gravels, sands, and 
clays. The section penetrated by the mine shaft, as described by L. P. Teas, is 
described below (compare also Fig. 4): 


o- 76 feet—Surface deposits and Miocene and Oligocene sands and clays. 
76- 107 feet—Limestone cap rock. 
107— 125 feet—Gypsum rock. 
125- 800 lock—Anhenntia rock, also anhydrite fragments coated with a green copper mineral. 
800- goo feet—Stratified bands of gray calcareous sandstone in the anhydrite rock, from a 
fraction of an inch to an inch thick. 
goo- 973 feet—Anhydrite rock. 
About 973 feet—Lens of salt rock, about 10 feet long, 5 feet wide, and o.9 feet thick. 
973-1,010.75 feet—Anhydrite rock. 
1,010.75  feet—Top salt rock. 


GRAVITY DATA 


The underground gravity observations were made with two Worden gravity 

meters in the United Salt Company’s mine shaft at Hockley, Texas. Readings 
were taken at 10, 20, 30, 40, and 50-foot intervals depending upon the thickness 
and lithology of the layers traversed. 

After experimenting with various methods of supporting and reading the 
gravity meter in the shaft, Mr. S. P. Worden developed a satisfactory platform 
to support the meter. The platform was supported by an I-beam, which could be 
clamped to the framework of the shaft. The supporting platform permitted 
reading the meter in the elevator bucket without climbing out of the bucket onto 
the framework. 

Elevations in the shaft were measured with a survey chain to the nearest one- 
tenth of a foot. This accuracy is necessary because of the effect of elevation errors 
in solving the density equation. 

Readings of the two Worden meters were recorded at each station during much 
of the survey, but during the later part of the work only one meter was used. 
Base checks were made at least once every hour, and numerous tie stations were 
reoccupied to obtain accurate data. 

Most of the observations in the mine shaft were made by Mr. N. C. Harding 
of Houston Technical Laboratories (present address, Geophysical Service Inc.). 
The accuracy of this part of the survey was made possible by his ability to make 
consistent observations under trying operating conditions in the elevator bucket. 
These conditions were complicated by salt water draining into the shaft and by 
the large thermal gradient between the cold winter temperature at the surface 
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and the high temperature in the mine. Frequent level and calibration checks of the 
meter assured proper performance of the instrument. 

The drift of the field meter and a plot of lunar attractions determined from 
tidal drift data are shown in Figure 1. These data were furnished by LaCoste- 
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Fic. 1. Comparison of drift curves at base stations with computed Junar drift. 


Romberg of Austin, Texas. The differences noted in the two curves may represent 
a combination of thermal effects and observational errors. 


Reduction of Data 


The reduction of the surface data was made by standard computing methods. 
The subsurface data were reduced by methods suggested by Dr. L.L.Nettleton, 
Dr. S. Hammer, and Mr. N. J. Smith. 

The normal vertical gradient, corresponding to the usual free-air correction, 
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is 0.09406 mg/ft. The effect corresponding to the Bouguer correction is doubled 
in taking the meter underground because in going down through a given thick- 
ness of rock the downward attraction is removed and its upward attraction is 
added. Therefore, the Bouguer effect beneath the surface of the ground is 
2(0.01276c) mg/ft. The total gravity effect, in traversing a thickness Ah of a ma- 
terial having a density a, is: 


Ag = [0.09406 — 0.025520 ]Ah (1) 


and the measured vertical gradient in the shaft is: 
Ag (2) 
— = 0.09406 — .02552¢, 2 
Ah 94 55 ) 


from which the density of the material traversed is given by: 


0.09406 — Ag/Ah 


(3) 


0.02552 


For densities of the order of those of ordinary rocks the first term is much 
larger than the second, causing a strong positive downward vertical gradient. 
To remove this steep slope it is convenient to calculate the gradient for approxi- 
mately the average density of the material traversed. Then this “normal gradi- 
ent” is subtracted before plotting the depth-gravity curve. The slopes of the re- 
sulting ‘‘residual” curve then give a measure of the local deviations of the density 
from the value of the assumed normal density. If the curve slopes upward the 
density is lower, and if it slopes downward the density is higher than the average 
density used in removing the normal gradient. 

Using the gravity difference from top to bottom of the mine shaft the calcu- 
lated average density is 2.51. The normal change in gravity was calculated for a 
density of 2.50 and was then removed from the original observed curve: Therefore 
values on the ‘‘residual” curve are equal to gots— Seale, Where 


£Zeale = (0.09406 — 0.02552 X 2.50)Ah = 0.03026Ah. (4) 


Assume the slope of the “residual” curve to be Ag/Ah. This ratio is a measure 
of the difference of the actual density from the value 2.50. In addition, neglect 
any possible anomalous influence in the vertical gradient. Then the differences 
in density from the average density used can be computed by the formula 


Ag 


Ao = — 39.20 — 
(5) 
and the individual rock density traversed is 
A 
= 2.50 — (6) 


Ah 
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TABLE I 
DENSITY CALCULATIONS FROM MINE SHAFT DATA 


Location Obs. Ag Normal Ag—Ag, Ag AH Ao o 
in feet mg Agn,* mg mg mg feet cgs cgs 
Surface 0.0 0.00 0.00 0.00 +0. 24 23.1 —0.407 2.09 
deposits 0.94 0.70 +0. 24 +0. 32 20.0 —0.627 1.87 
sandstone 43.1 1.86 1.30 +0.56 +0. 24 20.0 —0.470 2.03 
and clay 63.1 2.70 I.QI +0.80 +0.10 10.5 —0.373 2.32 
73.6 2.03 2.23 +0.90 9.6-—-——0. 286-2. 
Limestone 83.2 3-49 2.§2 +0.97 +0.06 13.0 —o.181 2.32 
cap rock 96.2 3.94 2.91 +1.03 +0.02 10.0 —0.078 242 
106.2 4.26 3.27 +1.05 /+0.066—— 
126.1 5-04 3.82 +1.22 +0.04 10.1 —0.155 2.35 
136.2 5.38 4.12 +1.26 0.00 20.3 ©.000 2.50 
156.5 6.00 4.74 +1.26 0:03 19.9 +0.059 2.56 
176.4 5-34 +1.23 19.9 +0.059 2.56 
196.3 7.14 5-94 +1.20 0.06 20.1 +0.017 2.62 
216.4 7.69 6.55 +1.14 ~0.03 20.0 +0.059 2.56 
236.4 8.26 7.15 +1.11 —0.19 40.1 + 3.186 2.69 
Anhydrite 276.5 9.29 8.37 +0.92 —o.16 39-7 +0.158 2.66 
306.2 10.03 9.27 +0.76 —0: 20 39.6 +0. 257 2.76 
345.8 10.96 10.46 +0o.50 —0. 34 49-3 +0.270 
395.1 11.096 +o0.16 —0.40 49.9 +0. 314 2.81 
445.0 13.23 13.47 —0. 24 —0.40 50.0 +0.314 2.81 
495.0 14.34 14.98 —0.64 —0.40 50.2 +o. 312 2.81 
545.2 15.46 16.50 =F =O: 60.0 +0. 333 2.83 
605.2 16.76 18.31 —1.55 —0.44 49.1 +0.351 2.85 
654.3 19.80 —1.99 —o.48 50.1 +0.376 2.88 
704.4 18.85 at .g2 —2.47 —0o.48 49.9 +0.377 2.88 
19.88 22.83 —2.95 3852.89 
Banded 804.2 20.90 24.34 —3.44 —0.49 49.7 +0. 386 2.89 
anhydrite 853-9 21.91 25.84 “3.93 
905.0 22.93 27.39 —4.40 —0./25 29.0 +0. 338 2.84 
Anhydrite 934.0 23.55 28.26 —4.71 —0.31 30.1 +0. 403 2.90 
ft salt 964.1 24.15 29.17 
985.1 24.54 29.81 —0.05 19.0 +0. 103 2.60 
Anhydrite 904.1 24.76 30.08 —§.32 —0.10 9.9 +0. 396 2.90 
1,014.0 25.19 30.68 —5.49 +0.03 10.1 =0: 510 2.38 
1,024.1 25.53 30.99 —5.46 +0.15 10.1 —0.582 1.92 
1,034.2 25.98 31.209 gt +0.07 9.2 —o. 208 2.20 
1,043.4 26.33 —§.24 +0.06 20.6 —0.1I4 2.39 
1,064.0 27.02 32.20 +0.14 2051 =0.493 2.23 
Salt rock 1,084.1 27.370 32.80 5204 +0. 33 40.0 —0.323 2.18 
1,124.1 29.31 34.02 —4.71 +0. 33 40.0 —0.323 2.18 
1,164.1 30.85 35.123 —4.38 +0.31 40.1 =0.303 2.19 
1,204.2 32.37 30.44 —4.07 +0. 36 49.1 —0o. 287 2.21 
15253.3 34.21 37-92 —3.71 +0.31 50.3 —0.241 2.26 
I, 303.6 36.05 30-45 —3.40 +0.17 29.8 —0.223 2.28 
T, 333-4 37.12 409.35 — 3.23 


*For assumed normal density of 2.50. 


= 
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These formulas and methods can be used to compute densities for any other 
locality. The density computation sheet used for the Hockley data is shown in 
Table I. 

Several conditions may produce errors in these computations. The precision 
of the density value is dependent upon the accuracy of the gravity and elevation 
differences relative to the total interval over which they are measured. As pointed 
out by Hammer (1950), errors may also result from terrain corrections, from an 
anomalous vertical gradient, from the absolute calibration of the gravity meter, 
and from effects of the mine openings. Terrain and mine-opening effects are small 
in the Hockley salt mine except near the top and bottom of the shaft. Therefore, 
they have been neglected. 


Gravity-Density Interpretation 


The interpretation of the gravity log is facilitated in this study by the fact 
that the depths to all the interfaces between rock units, as well as the lithology 
of each unit, are known. The vertical distribution of the gravity, density, and 
lithology in the mine shaft are shown in Figure 2 for comparison. 

The slope of the gravity curve from the surface to a depth of 76 ft, where the 
first break is visible, indicates a density of 1.9 to 2.1. This range appears to be 
reasonable for the density of the unconsolidated sediments on the top of the 
dome (Dickinson, 1953). The first two observations may include end effects, as 
well as terrain effects at the top of the shaft, for which corrections have not been 
applied. 

The next segment in the curve, between 76 and 107 ft, indicates a density of 
2.1 to 2.4. This part of the curve corresponds to the highly fissured limestone 
cap rock which forms the top of the dome. 

An average density of 2.2 over the next interval, of 107 to 125 ft, correlates 
with the 18-ft bed of gypsum rock. Detection of this thin bed by the gravity 
meter illustrates its resolving power for defining density discontinuities in a 
geologic section. 

The interval from 125 to 1,010 ft indicates a density of 2.2 at the top, as well 
as an almost linear density increase with depth attaining a value of 2.8 at about 
340 ft. The latter value persists from 340 ft down to 1,010 ft. This part of the 
curve corresponds to the anhydrite-rock layer of the cap rock, and the higher 
densities coincide with accepted values for this material. The increase in density 
starting at about 340 ft may be due to a gradual decrease of gypsum inclusions 
in the anhydrite rock from top to bottom but it is probably caused by a local 
thickening of anhydrite rock, which is indicated by the surface gravity measure- 
ments. If the latter explanation is correct, the thickening of the anhydrite which 
causes a sharp build-up in the surface gravity anomaly would prevent this layer 
from conforming to a horizontal stratum of infinite extent as called for in the 
Bouguer formula. The apparent density is a weighted average of the density of 
the anhydrite and the density, which is lower, of the gypsum, sand, and shale 
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Fic. 2. Comparison of lithology, density, and gravity in Hockley mine shaft. Anhy is anhydrite rock; 
Gyp, gypsum rock; Ls, limestone; Salt, salt rock; Sh, shale; Ss, sandstone. 
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which lies outside the build-up. As the lateral extent of the anhydrite increz 
with depth, the apparent density increases correspondingly. When the anhyd 
rock is of sufficient areal extent to conform to conditions called for in the Boug 
formula, the apparent density approaches that of anhydrite. 

Salt rock comprises the interval from 1,010 to 1,200 ft. This interval be; 
with the most marked break in the gravity log, indicative of a density of 2. 
2.2, which corresponds closely to values found in the literature. 

The last two stations at the bottom may be in error because of the large e: 
vation at the bottom of the shaft. Corrections were not made for these stati 
because the interval was all salt and no appreciable density differences were : 
pected. 

In the present investigation density values were not determined from s: 
ples because part of the shaft is lined with concrete. This omission is regrett 
because Hammer (1950) has determined significant differences between san 
densities and densities measured by the gravity meter. His samples were restc 
as well as possible to natural conditions, yet a large range of differences exis 
between the values obtained by the two methods. To explain these differe1 
all factors that would influence the measurements were evaluated. It was « 
cluded that the differences were due to the samples having been removed f: 
their natural environment, and that the gravity meter was determining the ac 
in-place bulk densities of the formations. Because samples were not obtai 
from the mine shaft, Table II was prepared using published density values 
Gulf Coast rocks. Although the values in the table should not be comp< 
directly with those from Hockley, their range indicates the proper orde: 
magnitude. 


SURFACE GRAVITY 


The major purpose of the surface gravity survey was to evaluate the I 
gravity anomaly associated with the dome and to determine if the anon 
would introduce any error in the free air correction. Each gravity station 
reoccupied at least once so that confidence could be placed in small anomz 
reflecting changing structural or lithologic conditions in the cap rock. In addi 
the station spacing was closer than in conventional work so that shallow feat: 
would be measured. Transit plate angles were used in place of magnetic bear. 
to keep the error of poor station locations to a minimum. The surface gra- 
map is shown in Figure 3. 

Another objective of the surface survey was to detect any possible sha! 
lateral lithologic variations in the cap rock near the shaft. For example, len: 
of some member of the cap rock having a large density contrast might influe 
the density values as computed from the subsurface gravity readings. Er 
would be introduced by the fact that any lens-shaped formations would 
conform to the concept of horizontal stratification of infinite extent assume: 
the Bouguer formula. 

The gravity map shows a typical Gulf Coast salt dome gravity anom 
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Fic. 3. Surface gravity map of the Hockley area. 


The gravity maximum of the cap rock is flanked peripherally by an associated 
rim minimum caused by salt at depth. Any anomalous effect this feature might 
exert on the vertical gradient is too small to produce an appreciable error in the 
calculation. 

Near the center of the large maximum is a smaller gravity maximum of 1.3 
mg closure, which centers around the mine shaft. Quantitative studies of this 
smaller gravity maximum suggest that it could be caused by a body at a depth 
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of about 1,000 ft, but most probably it reflects a local high on the top of the cap 


rock. This interpretation is substantiated partially by the increase in apparent 
density with depth of measurement in the dome over the range from 125 to 340 ft. 

From the surface gravity and corehole information it is concluded that the 
remaining part of the dome, which could have an influence on the gravity ob- 
servations in the mine shaft, is laterally homogeneous and would not contribute 
any appreciable error. 


CONCLUSIONS 


The results of this survey substantiate previous theoretical calculations and 
actual measurements done by others. They indicate the.value of additional sub- 
surface gravity work in the Gulf Coast utilizing, for example, remote-controlled 
meters in deep boreholes. 


TABLE II 


Published Rock Densities for Gulf Coast Rocks a —— 


Material Locality Depth, ft. Densities Depth, ft. Densities 


Sand Gulf Coast 2.18-2.26 

Shale Gulf Coast Oo- 250 1.6 -1.9 

Limestone Brazoria Co., Texas 1,000-2,000 2.69 76- 107 2.1-2.4 
Cap Rock 

Gypsum Gulf Coast 2.2 -2.4 1I0o7- 125 2.2 

Brazoria Co., Texas 1,000~-2,000 2.47-2.93 125- 8co 2.2-2.8 

Salt Gulf Coast 2.16-2.22 1,010 2.0-2.2 


Knowledge of interval subsurface densities has the same relation to gravity 
prospecting as a knowledge of velocity values has to seismic prospecting and a 
knowledge of resistivity values to electrical well logging. Therefore, to obtain the 
maximum information from gravity surveys, subsurface densities within major 
lithological intervals must be known. Borehole surveys in the Rocky Mountain 
and Canadian areas would help to solve the problem of the elevation-correction 
factor existing in those areas. The information could be obtained in seismic shot 
holes as suggested by Smith (1950). Calculation of the depth and configuration 
of a salt dome would be improved by subsurface bulk density data obtained from 
deep boreholes. 
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SIMULTANEOUS GAMMA RAY AND RESISTANCE LOGGING 
AS APPLIED TO URANIUM EXPLORATION* 


R. A. BRODING{ anp BEN F. RUMMERFIELD{ 


ABSTRACT 


The transferring of petroleum exploration thinking and methods to uranium exploration has 
greatly facilitated the search for radioactive ores. Radioactivity and resistance! logs obviate the need 
and expense of taking continuous cores to locate mineralized zones in shallow core holes. Specialized 
instrumentation, field equipment, and interpretive techniques are required in applying these logging 
methods to uranium exploration. Radiometric analysis from logs is possible, but must be carefully 
controlled, calculated, and qualified. Results are presented of actual uranium exploration in the field. 

The impact of atomic energy on world economics makes it necessary to scrutinize the applicability 
of all geophysical methods to uranium exploration. 


INTRODUCTION 


Oil companies accustomed to thinking in terms of long-range planning for 
reserves should encounter little difficulty in widening the scope of their foresight 
to include atomic energy. This is particularly true in view of the possibility that 
atomic energy may, in the foreseeable future, replace a portion of the petroleum 
market as a source of energy for major power installations. 

One application of petroleum exploration instrumentation and techniques to 
uranium exploration is the use of gamma-ray and resistance logging. It is esti- 
mated that approximately three million feet of boreholes will be drilled this 
year in exploration for uranium on the Colorado Plateau alone. To evaluate this 
footage properly, it is necessary to obtain either continuous cores or radioactivity 
and resistance logs of the holes. As a matter of economics, it is not only a great 
deal faster to log the holes than to obtain cores, but it is also from three to four 
times cheaper. 

GEOPHYSICAL PROBLEM 


It is becoming increasingly evident that the exploration for uranium is a sci- 
ence, just as is petroleum exploration. The merely random examination of out- 
crops or terrain does not begin to reveal ore potentialities. It is well known that a 
mantle of a relatively few inches will completely mask the effect of any under- 
lying radioactive ore body; therefore, the drilling of test holes is essential to eval- 
uate an area. One’s first reaction is usually to think in terms of utilizing a Geiger 


* Presented at the Midwestern Regional Meeting of the Society in Dallas on November 19, 1954. 
Manuscript received by the Editor March 21, 1955. 

¢ Century Geophysical Corp., Tulsa, Oklahoma. 

1 The terminology “resistance logging” is used in preference to the more conventional term 
“resistivity logging” because the actua] measurement made with the described apparatus is a resist- 
ance measurement. However, a Jog of resistivity as made with a multi-electrode probe will have the 
same merits as a resistance log in this application, provided the measuring electrode spacing is of the 
order of 6 inches or less. 
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counter or scintillometer to investigate cuttings from the test holes. Since such 
an investigation merely indicates the possibility that an ore body has been pene- 
trated, one might consider suspending the probe in the borehole to determine 
the magnitude of the activity im situ and the depth of the source. 

If the problem were merely to indicate the presence of an ore body directly 
as a “yes or no” proposition, it would be a relatively simple matter to solve it 
by these techniques alone. However, as one becomes familiar with the field, it is 
realized that the deposition and concentration of uranium ores is complex and 
depends upon a relatively unknown interrelation of stratigraphy, lithology, and 
chemical conditions. Therefore, the ‘“yes or no” type of exploration is completely 
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Fic. 1. Response to different concentrations of ores of constant bed thickness. 
Fic. 2. Response to beds of various thicknesses with identical concentrations. 


inadequate. High calibre instrumentation is required that will yield a continuous 
log of the natural gamma-ray activity as well as a log that will identify lithology. 
To meet this requirement, we consider a combination gamma-ray-electrical- 
resistance log to be the best tool known to date. 

Since uranium itself is not a gamma emitter, it is important to note that the 
measurement of gamma rays cannot be used to detect uranium directly. For- 
tunately, the uranium series has five daughter elements that are gamma-ray 
emitters. A gamma-ray detector, therefore, measures the relative proportion of 
these gamma-emitting elements in the ore, providing that it is in equilibrium. 
If the ore is in equilibrium, a calibration curve can be drawn which relates counts 
per second, or milliroentgens per hour, to percent U3;0g equivalent. Thus, a radio- 
metric assay can be obtained in the borehole. Such surveys are correct only to 
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within 15 to 20 percent, but they are still helpful in providing a relative measure- 
ment of the ore concentration. Calibration curves must be established for each 
logging rate, time constant, bed thickness, borehole diameter, and the area in- 
volved. Chemical analyses should be run on cores obtained from ‘‘hot holes” to 
evaluate fully the properties of the ore body and, by comparison with the radiomet- 
ric assay, to establish whether a condition of equilibrium exists. It has been found 
that conditions of inequilibrium, resulting in excessive radon gas or solution con- 
centrations, can be detected by lack of reproducibility of anomalies in successive 
logs from the same hole. The possibility that equilibrium does not exist is one of 
many limitations of radiometric assaying. 

Figure 1 illustrates the response of a gamma-ray detector in an artificial test 
hole to various concentrations of ores with constant bed thickness. A comparison 
log, shown in Figure 2, illustrates the response in an artificial test hole to ore beds 
of various thicknesses but with identical concentrations. Calibration runs of this 
type are the basis for correction curves which are described later. 

Experience has taught that uranium-bearing minerals have an affinity for 
sedimentary deposits where there is a change of facies. That is, lenticular fluvial 
sandstones that grade into siltstone and mudstone are more favorable for uranium 
mineralization than are massive clean sandstones. Carbonized fossil plant matter 
is usually associated with uranium minerals in sedimentary rocks; also, uranium 
minerals seem to prefer a buff- or light-colored matrix in contrast to red-colored 
host rocks. Because of these factors, an accurate lithological log is an essential 
accessory to the gamma-ray log. In some areas, the gamma-ray log gives a fair 
indication of lithology. However, since this log measures only the amount of 
natural radioactivity in the rocks and does not necessarily indicate the type of 
rocks, the gamma-ray log is considered to be a poor lithologic log. Resistance 
logging is recognized as the best means of obtaining lithologic information, since 
most rock types are characterized by definite ranges of electrical resistivity. The 
resistance log, recorded simultaneously with the gamma-ray log, is the ideal 
combination for uranium exploration. 

Through the use of a combination resistance and gamma-ray log, it is possible 
to construct regional ‘“‘preference maps” outlining areas in which the uranium 
prospector is most likely to succeed. For example, erosional channels in the 
Moenkopi formation are important to delineate, since such channels are often 
mineralized. Resistance logs can help to locate these channels by identifying the 
contact of the Shinarump conglomerate which fills them. 

Geological marker horizons often can be picked from the resistance logs and 
sometimes from the gamma-ray logs. For example, in many areas of the Colorado 
Plateau the Salt Wash or Lower Morrison section can sometimes be identified 
by characteristic resistivity markers. This is significant, since the Salt Wash has 
proven to be the most important source to date of uranium ores in this area. 

The mineralization along fault zones and the clustering of uranium deposits 
along the flanks of major uplifts or intrusives indicate the importance of studying 


1 


844 R. A. BRODING AND BEN F. RUMMERFIELD 


lithology, stratigraphy, and structure in the exploration for uranium. Such struc- 
tural features as regional dips, synclinal and anticlinal trends, possible channel- 
ing, pinchouts, and faulting should be mapped in uranium prospecting just as 
they are in petroleum exploration. Structural contour, regional trend, isopach, 
and isolith maps all are useful for this type of study. The similarity of approach, 
vocabulary, thinking, and philosophy required in the two types of exploration 
makes it relatively easy for those experienced in oil prospecting to put their ex- 
perience to advantageous use in the search for uranium. 

In many areas, it is feasible to combine petroleum and uranium exploration 


Fic. 3. Typical logging operation in conjunction with seismic crew. 


with very little additional expense and effort. The logging of seismic shot holes, 
stratigraphic tests, and core holes is readily accomplished. Admittedly, the control 
‘obtained in holes having the spacing required in ordinary seismic surveys can be 
considered only as reconnaissance when applied to uranium exploration but 
valuable information can still be obtained from such logging. The major expendi- 
ture, that of drilling the hole, already has been made so that the logs have been 
acquired at little extra cost. No delay is encountered in the operations of the 
seismic crew, since the logging unit can work between the drills and the shooting 
crew. Figure 3 illustrates a typical field operation in which the logging unit, 
mounted on a power wagon, is shown taking a log in a hole while the seismic 
recording truck is laying out cables preparatory to shooting the next spread. 
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Recent uranium discoveries suggest that exploration for uranium should not 
be confined to any one geological or geographical province any more than is 
exploration for petroleum. The equipment, instrumentation, and personnel used 
in uranium exploration must be of high calibre, and adequate knowledge and 
experience are necessary to evaluate the results obtained. 


INSTRUMENTATION 


A logging instrument has been designed by Century Geophyscial Corporation 
that allows for the simultaneous logging of natural gamma-ray activity and elec- 
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Fic. 4. Block diagram of Gamma-R logging system. 


trical resistance of the rock surrounding a bore hole. This instrument, called the 
Gamma-R Logger, is illustrated schematically in Figure 4. 

As only relative values of rock resistance are necessary and as a high degree 
of vertical resolution is required, a single electrode is used to obtain a resistance 
measurement. This measurement is telemetered, along with the gamma-ray signal, 
over a single-conductor logging cable. The circuit is such that leakage require- 
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ments and the length of cable are not critical. At the surface, the two signals are 
separated and fed through appropriate amplifiers, pulse shapers, and counting 
rate meters, and then recorded on a dual Brown recorder. All power is derived 
from a 115-volt, 60-cycle, gasoline-driven generator. The gamma-ray portion 
has a full-scale linear calibration from 10 to 10,000 cps in 10 decade steps. Figure 
5 shows the relationship between microroentgens per hour and counts per second 
over the operating range of the instrument, utilizing a Ra™ source in air to obtain 
the data. Six time constants are available, covering the range of 0.5 to 16 seconds. 
The selection of time constant is dependent upon the counting rate, logging 
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RAHR. 


Fic. 5. Calibration curve—Radium™ source in air. 


speed, and precision of measurement required so that the statistical variations 
will be within the allowable limits of error. 

A profile of typical logs from the Colorado Plateau area is shown in Figure 
6. These logs, taken in a series of holes approximately 150 feet apart, illustrate the 
type of correlations that can be expected between lithology and the resistance log, 
as well as the correlation and assay of a mineralized zone that is made possible 
by the gamma-ray log. 

Units of this design have been proven in the field to have the required sensitiv- 
ity and, almost of equal importance, the stability required to withstand the rugged 
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field, transportation, and temperature conditions inherent in exploration work. 
A typical installation is shown in Figure 7. A boom arrangement makes it possible 
to position the logging tool conveniently over the hole. An accessory tripod ar- 
rangement also is available to permit the logging of holes that are beyond the 
reach of the boom arm. 

An internal view of the logging truck is shown in Figure 8. A 115-volt, 60-cycle 
generator, driven by a power takeoff from the truck engine, provides power for 
an electric motor-driven hoist and the electronic instrumentation. A measuring 
sheave in the boom assembly provides an accurate measurement of depth and, 
by selsyn drive, advances the recording chart. Chart speeds of 10, 20, and 50 
feet of hole to one inch of chart are used. Normally, 2,000 feet of cable are carried, 
and hoisting speeds in the range of 2 to 100 feet per minute are available. 

The instrumentation is designed for operations to 10,000 feet in depth and 
temperatures in excess of 200° F. The logging unit is a one-man operation and, 
because of this fact, a front end winch is used and other safety precautions are 
taken to insure the operator’s being able to “get home” alone. The safety of the 
operator cannot be stressed too greatly. There is considerable risk in traveling 
over mountainous terrain with few or no roads as well as in being caught in the 
extremes of weather often encountered in the remote areas where these units 
operate. A four-wheel-drive vehicle is considered mandatory. 

Figure 9 shows a typical logging operation integrated with a seismic operation 
in which all seismic shotholes are logged. A normal day’s operation involves 
logging from 6 to 10 shotholes. This number of holes is normally required for a 
day’s shooting in this area and represents no loss of time for the seismic crew. 


RADIOMETRIC ASSAYING 


When a radioactive anomaly is encountered, it is necessary to know what 
percent uranium oxide has been detected, and whether or not the source of the 
anomaly can be considered to be an ore body. Unfortunately, a measurement of 
radiation intensity does not necessarily yield information directly related to ore 
concentration, since such effects as radium-thorium ratio, inequilibrium, and ore 
type will materially change any calibration factor. However, for a known area, 
the proper use of gamma-ray logs and calibration will allow a radiometric assay 
value to be obtained which agrees with chemical analysis within approximately 
15 to 50 percent. 

It is necessary first to relate the response of the instrument as indicated by 
the cps deflection of the gamma-ray trace to intensity in microroentgens per hour. 
This requires a calibration curve, as shown in Figure 5. 

The indicated intensity of radioactivity must be corrected for bed thickness, 
logging speed, time constant, and diameter of hole. The following general expres- 
sion can be written: 


I = 1)Kka, (1) 
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where 
Io=true intensity in yr/hr 
I=indicated intensity in yr/hr 
K=correction factor for bed thickness, logging rate, and time constant 
ka=correction factor for hole diameter. 


Fic. 7. Typical logging truck in operation with boom assembly. 


The factor K is obtained from a curve relating K to bed thickness for various 
logging rates at a fixed time constant. Such a curve is shown in Figure 10. This 
curve was obtained experimentally by logging through an artificial borehole 
having alternate layers of ore and sand. The ore layers were of identical activity 
but of different thickness. A family of these curves is prepared for each time con- 
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stant. By logging at a very slow speed, or by taking static measurements opposite 
the bed of interest, the effect of time constant is eliminated. 

The factor kg is obtained from curves as shown in Figure 11. These experi- 
mental curves show the effect of changing the diameter of boreholes in relatively 
thick formations. There is a considerable difference in response depending upon 
whether the borehold is fluid-filled or air-filled. It also makes a difference whether 
the probe is in the center of the hole or against the side of the hole. The center- 
of-the-hole curves are used since they represent the least favorable condition. 
Thus, by the use of the above curves and equation (1), the indicated intensity 
reading can be corrected to give the actual intensity value. 

By placing the probe in a thick ore body of known concentration, a conversion 
factor can be obtained relating U;Os to intensity in ur/hr. This may be expressed 
by the relation 


Percent U;03 = (2) 


where C is the conversion factor. 

This conversion is useable only fora known mineral in equilibrium. It is recom- 
mended that the factor C be obtained from a reliable chemical assay of representa- 
tive ore samples taken in the area and from the formation of interest. A typical 
value of C used in the Colorado Plateau is 1.9X10~* for the Model 2201 probe. 
The procedure for making an assay is as follows: 


1. From the log, select the zone of interest and measure the bed thickness. 
NOTE: The bed thickness is obtained from the separation between the 
inflection points on the skirts of the anomaly. Beds less than 6 inches can- 
not be estimated since they are less than the length of the sensing unit for 
the Model 2201 probe. 

2. Obtain a representative cps value of the anomaly from the log. 

3. Convert the measured cps value to ur/hr from the calibration curve, Figure 

4. Knowing the logging speed and time constant setting, obtain a value for K 
from curves similar to those of Figure to. 

5. Knowing the hole diameter (bit size), obtain a value for kg from Figure 11, 
using the appropriate curve for an air-filled or fluid-filled hole with the 
probe in the center of the hole. 

6. Determine Jo from the indicated value of intensity by applying the values 
of K and kg to equation (1). 

7. Apply the conversion factor for the particular area to Jo to obtain the 
equivalent U;0g assay value using equation (2). 


GEOPHYSICAL EXAMPLE 


A uranium exploration survey was undertaken for the Rocky Mountain 
Uranium Corporation of Dallas, Texas to evaluate its Green Dragon Prospect in 
Emery County, Utah. The original claims had been staked because of a radio- 
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Fic. 12. Contour map of elevation and maximum isorad values of 
the Chinle horizon, Green Dragon Prospect. 
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Fic. 13. Contour map of elevation and maximum isorad values of 
the Shinarump horizon, Green Dragon Prospect. 
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active anomaly encountered in an exposure of the Shinarump formation in a near- 
by cliff. The properties are located in a mesa that is approximately 700 feet above 
the canyon floor. The mesa is the result of the extreme surface erosion that typi- 
fies this and the adjacent Grand Canyon area. 

Access roads were built up to the mesa and a reconnaissance drilling program 
was inaugurated utilizing standard heavy-duty shothole drills. These holes were 
then logged by Century’s Gamma-R Logger and structural and isorad maps were 
prepared. It was possible to correlate three major gamma-ray anomalies and five 
anomalies on the resistance logs. Structural contour maps were prepared from the 
correlatable events on the resistance logs. Isorad maps were made by mapping 
the intensity of radioactivity shown on the gamma-ray logs at the same depth 
as the corresponding geological tops which had been correlated from the resistance 
logs. Thus, it was possible to depict the radioactivity or mineralization at definite 
geological markers. 

Two sets of maps are shown in Figures 12 and 13. These maps are schematic 
only and present a comparison between two of the reconnaissance and detailed 
mineralization zones which were mapped, thus indicating the results of the recon- 
naissance and detailed exploration programs. It is interesting to study the de- 
velopment of the rather pronounced channeling shown by the structural maps 
and the mineralized zones that are very often found associated with such erosional 
subsurface features in this area. 

The Chinle horizon maps are shown in Figure 12. The isorad map of the recon- 
naissance program indicates an increase in radioactivity to the west. This inter- 
pretation was strengthened by the known outcrop of ore found in the cliff at the 
western edge of the mesa. The subsurface map prepared from the resistance logs 
of the reconnaissance program suggests a possible channeling effect at this depth. 
These two factors were used to recommend a detailed program to investigate 
further the subsurface mineralization of the mesa. 

The detailed isorad map substantiates the reconnaissance interpretation and 
clearly outlines the carnotite ore body at the Chinle depth. The subsurface chan- 
nel is further developed at Chinle depth, as is shown by the detailed resistance- 
depth map. 

The Shinarump horizon maps are shown ‘in Figure 13. The isorad maps indi- 
cate the development of a separate carnotite ore deposit at Shinarump depth. 
The detailed map establishes that this is a local ore deposit only; however, it is, 
in general, within the confines of the subsurface channel as outlined by the de- 
tailed depth map prepared from the resistance logs. The channel is more clearly 
developed at this depth. 

The two cross-sections of Figure 14, show some of the gamma-ray logs ob- 
tained from test holes which are approximately 60 ft apart. Shallow and deep 
mineralization zones are shown. The resistance logs obtained on this project are 


- below standard, as the holes would not hold the drilling mud and were water- 


filled prior to logging. The off-scale reading on the upper portions of the resistance 
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logs indicates the level at which the probe came out of the water in the holes. 
Sandstone stringers in the Chinle and Shinarump formations were found to be 
continuous over the area and were used as correlation points on the resistance 
logs. Gamma-ray anomalies are shown near the base of the Chinle and of the 
Shinarump formations. These cross-sections and maps illustrate the type of 
geological and geophysical information that can be derived from combination 
gamma-ray-resistance logging. By such a method properties can be evaluated and 
mineralized zones can be blocked out without resorting to expensive mining or 
core drilling. 
SUMMARY 


The oil and mining industries, which are both in the business of finding and 
and developing natural resources, are particularly qualified to explore for and 
develop radioactive minerals. This is due to the fact that the thinking, talents, 
processes, and methods used by the oil and mining industries can be readily 
transferred to the task of finding and developing minerals necessary for atomic 
energy. 

It is believed that uranium prospecting requires logging for determining quan- 
titative radioactive mineral content as well as for obtaining geological informa- 
tion. The mere random sampling for radioactivity, or the “yes or no” type ap- 
proach, is considered inadequate. For this reason, the Gamma-R Logger was 
developed. The following information can be derived from the Gamma-R log: 


1. Measure of the quality and quantity of radioactive minerals encountered 
in the boreholes. 

2. Lithology. 

3. Stratigraphy and concomitant structural information. 


The Gamma-R logging equipment described has proven to be efficient and 
trouble-free, and has yielded high-quality logs. It has made it possible for the 
geophysicist, who is trained in the science of subsurface exploration, to apply his 
skill in the exploration for uranium. 
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A LOW FREQUENCY ELECTRICAL EARTH MODEL* 


WILLIAM C. PRITCHETTT 


ABSTRACT 


A general earth model is described which simulates the earth when excited by currents either 
conductively coupled to the earth by electrodes or inductively coupled to the earth by loops. Con- 
sideration of model] equations showed that a material with a resistivity of approximately 10~* ohm- 
meters was desired for use in the model. Although suitable materials with this resistivity were not 
known, it was found that fine bronze wheel grindings held together by wax did have the required 
macroscopic resistivity. Using this model, surface measurements were made employing a modified 
Wenner spread “one mile” in length. Only minor anomalies resulted from a simulated salt dome 
“three-quarters of a mile” in diameter and “one-half mile” below the surface. 


INTRODUCTION 


An investigation was undertaken to determine the potentialities of various 
low frequency electrical prospecting techniques under controlled laboratory con- 
ditions. Specifically to be investigated was the possibility of surface detection of 
large, highly resistive structures such as salt domes at depths of several thousand 
feet. Since a salt dome has a high resistivity and is large in both vertical and 
horizontal extent, it should be the easiest type of buried structure to detect. 
A preliminary analysis led to the conclusion that earth structures at depths of 
several thousand feet could best be detected using low frequency currents (less 
than 20 cps) conductively coupled to the ground through electrodes separated 
by a mile or more. 

Laboratory investigation of the potentialities of various field measurement 
techniques required an earth model, of practical size, representing many cubic 
miles of earth. The purpose of this paper is to discuss a technique which is ad- 
vantageous in modeling the earth electrically. | 


MODELING EQUATIONS 


The basic modeling consideration is that the ratio of wavelength in the earth 
to wavelength in the model must equal the scale factor (the ratio of earth dimen- 
sions to model dimensions). For low frequency, substitution in the formula for 


wavelength! yields: 
Pe | m 


* Presented at the Midwestern Regional Meeting of the Society in Dallas, Texas, November 18. 


1954. 
{ Atlantic Refining Company, Dallas, Texas. 
1=2/(mp/fu) is the wavelength, f is the frequency, u is the magnetic permeability in MKS 


units. 
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Where: 


A. earth wavelength 


factor=—= 
Am model wavelength 


p-=earth resistivity 
fe=earth frequency 
Pm= model resistivity 
fm= model frequency 


The observed signal is directly proportional to the potential spread, to the 
resistivity of the medium, and to the current density in the medium. The transfer 
impedance in the model is then related to the transfer impedance in the earth by 
the following equation: 


V 
(=) = transfer impedance in volts per ampere in the model 


where 


V 
(=) = transfer impedance in volts per ampere in the earth. 
e 


Equation 1 indicates that a given modeling scale factor can be obtained by 
adjusting the resistivity ratio, the frequency ratio, or both. Consider first the 
consequences of holding the frequency constant and varying only the resistivity 
ratio. If the assumed scale factor is three inches= one mile, the model resistivities 
must be reduced, relative to the corresponding earth resistivities, by a factor of 
4.45 X 108. It follows that this solution yields model signals in volts per ampere 
which are smaller by a factor of 2.1104 than the small earth signals to be 
simulated. A model of this type, consisting of stacked metal plates rigidly 
clamped together, was used by Yost et al. (1952) to investigate the use of hori- 
zontal loops both as current input and signal output devices. They overcame the 
low model signal level by use of multiple turn input and output loops. For a con- 
ductively excited model, in order to obtain a measurable signal an impracticably 
large current would have to be applied. Even if large currents were used, a model 
composed of metal plates stacked and clamped together in this manner would not 
be usable except with special excitation. Such a model is probably satisfactory 
when excited by a horizontal loop since none of the induced currents have any 
vertical components, but if the current is conductively coupled to the model, 
large vertical current components exist. Unless the sum of the contact resistances 
between the stacked metal plates were low compared to the sum of the vertical 
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resistances of the plates, the resulting anisotropy would impede the vertical flow 
of current and invalidate the model. Such excellent contact between metal plates 
was found to be impracticable to attain. Solid metal models could be used but 
they would not be easy to work with. 

Now consider the case where the model resistivities are the same as the earth 
resistivities. This requires the model frequencies to be larger than the earth 
frequencies by a factor of 4.45 X 108. The required model frequencies would then 
range from those used in television to those used in radar. The use of such fre- 
quencies would undoubtedly lead to formidable instrumentation difficulties and 
will not be considered further. However, it should be pointed out that in this 
case the model signal is stronger than that in the earth by a factor of 2.1 X 107%. 

A compromise between the two alternatives considered above yields a usable 
signal level with reasonable frequencies. Consider the situation in which the 
model resistivities are reduced by the scale factor 2.1 X10‘ relative to the earth 
resistivities, and the model frequencies are increased by the same scale factor 
relative to the earth frequencies. In this case the signal levels in the model and 
in the earth are equal. The required model frequencies are reasonable, ranging 
from those above audio to those below broadcast frequencies. It is of interest to 
point out that only in this third case is the wavelength in the air properly scaled 
(by the factor Fy). This guarantees that any air coupling between the lines has 
the same effect in the model as in the earth. Since air coupling is thought to be 
negligible, no attempt was made to adhere strictly to this condition in interpreting 
the model results. In fact the model data shown here would represent a 17 ohm- 
meter earth if the wavelength in the air were exactly scaled. The data are actually 
presented as representing a 10 ohm-meter earth at somewhat lower frequencies, 


as indicated by equation (2) 
MODEL MATERIALS 


To build a model in which the resistivity is reduced by the scale factor, suita- 
ble homogeneous materials with resistivities in the range of 1X10~* to 10X10 
must be obtained to simulate the shales and other low-resistivity earth beds. It 
would also be desirable to obtain materials with resistivities of the order of 
100 X 10~* ohm-meters in order to be able to model stringers and structures with 
high, but finite, resistivities. No suitable materials are known which have resistiv- 
ities in the range of primary interest. The resistivities of several materials which 
might be considered are given in Table I. In nature, certain metallic ores, such as 
galena, do have resistivities in this range but they are not at all homogeneous and 
they decompose below their melting point, which would make casting difficult. 

Consideration was given to devising mixtures of materials of high and low 
resistivity having macroscopic resistivities in the desired range. A series of em- 
pirical tests were made utilizing small metal particles either immersed in liquids, 
such as brine or mercury, or bonded with such materials as sulfur, lucite, cement, 
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TABLE I 
RESISTIVITIES OF COMMON MATERIALS 
Note: The resistivity range of primary interest in earth modeling 
is 1X10* to 1oX10-* ohm-meters. 


Approximate resistivity 


Material (Ohm-meters) 
Saturated Salt Water 350X104 
Carbon 0.35XI0 * 
Graphite 0.08 X 1074 
Mercury 0.008 X 1074 
Lead 0.001 X 1074 
Aluminum ©.0003 X 1074 
Copper 0.0002 X 104 


glue, agar, or wax. Catalytic hardening plastics, including Phenoline? and Epon,’ 
were also tried as bonding materials. 
The necessary characteristics for the bonding material were found to be: 


1. It should not require evaporation to harden. 

2. It should not react with the metal. 

3..It must shrink slightly upon solidication and/or cooling in order to force 
the metal particles into intimate contact with each other. 

4. It must not shrink sufficiently to cause cracking when cast in blocks large 
enough to use as a model. 

5. It must be hard enough when cast to hold the particles in contact for a 
reasonable period of time. 


Phenoline plastic initially seemed to offer the best hope of success when cast 
in small sample blocks, but was found to set up rather slowly in large samples. 
The high cost of the plastic and the inability to salvage the metal for re-use were 
additional disadvantages of Phenoline. 

Household paraffin was satisfactory except that the wax was too soft to hold 
the metal particles in intimate contact. The sample resistivity increased daily 
until the material become essentially non-conductive. An inexpensive red sealing 
wax‘ was an excellent binder in small sample blocks but larger blocks cracked 
upon solidification. 

Best results were obtained using a mixture of the red sealing wax and a high- 
melting wax,® and this was the bonding material finally used in the model work. 

The model used was prepared as follows: First, ten pounds of the high-melting 
wax was melted in a small cement mixer which was heated by torches playing on 


? Phenoline is a product of The Carboline Co., 7603 Forsythe Blvd., St. Louis 5, Missouri. 
3 Epon is a product of The Shell Chemica] Co., Box 2633, Houston, Texas. : 
* Princeton Sealing Wax Co., #R-CP Red. 
5 The Atlantic Refining Company, #1115. 
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the rotating barrel. Ten pounds of the sealing wax was then added and with the 
temperature held near 260°F the two waxes combined to form a water-thin 
liquid. Eighty-five pounds of bronze wheel grindings, previously passed through 
a forty mesh screen, was added slowly to prevent local solidification of wax. 
After thorough mixing the aggregate was poured into a wooden mold twenty 
inches in length, ten inches in width, and five inches in height. The aggregate 
appeared almost dry before pouring but when worked into the mold about { of 
an inch of surplus wax came to the surface and was removed. 

The mold was enclosed in an insulated box to allow the model to cool slowly 
so as to avoid cracking. After cooling, the model was kept at room temperature 
in a thermostatically-controlled enclosure to minimize thermal stress cycles. The 
resulting model had a uniform internal resistivity of approximately 0.8X 1074 
ohm-meters, but the resistivity near the surface was higher and more variable. 
However, this was not believed to be an important effect. In a two and one-half 
month period, one end of the model increased in resistivity by only 5%, while 
the other end increased about 15%. After the model measurements had been 
completed the model was stored in an unheated building. A year later the resis- 
tivity of the first end of the model had increased by 100%; the other end had be- 
come essentially non-conductive. These changes were believed to be due to cold 
flow of the wax. It was concluded that the probable resistivity changes in a model 
should not be sufficient to affect the results adversely if all measurements are 
carried out in the first few weeks after the model is formed. 

Sample blocks were made using brass or bronze particles of various graded 
sizes. Various macroscopic resistivities, in the range of interest previously indi- 
cated, were thereby obtained. 


MEASUREMENT TECHNIQUES AND EQUIPMENT 


Figure 1 is a sketch of the model showing the method of applying currents and 
measuring potentials. A pair of spring-loaded, screen-door hinges anchored to the 
wooden mold held a 3} inch sheet of lucite flush against the model surface. 
Threaded holes ? of an inch apart and arranged in two lines 1/10 of an inch apart 
were used to hold the electrodes. 

In order to make good contact to the model, spring-loaded electrodes made 
from watch-band holders were threaded and screwed into the desired locations 
in the lucite plate. Connection to the electrodes was achieved by use of spring- 
wire clips soldered to enameled wires which were run under the lucite sheet. A 
capacitive shield over the twisted potential leads from the model to the measuring 
circuit is not shown in the figure. 

Sine wave current, applied to the model from a power amplifier, varied in 
magnitude from an ampere at the lower frequencies to 25 milliamperes at 150,000 
cps. Potential amplitudes and phases were obtained using Lissajou’s patterns on 
a calibrated oscilloscope. Ahead of the oscilloscope was a special low-noise, wide- 
band, balanced amplifier. 
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For the current source in the transient studies, a square wave generator was 
used to turn off and on six no. 807 transmitting tubes used in parallel in a cathode 
follower circuit. A current decay time (90% to 10%) of less then 0.45 micro- 
seconds was achieved with a total current change of 0.64 amperes. Unfortunately, 
superimposed upon this current transient was a small percentage of approximately 
20-megacycle current which did give considerable difficulty in some of the meas- 
urements. The transient potential decay curve was displayed on the oscilloscope 
and photographed. 
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Fic. 1. A Sketch of the model and of the electrodes. The model, composed of bronze particles 


bonded with wax, was kept in the wooden mold. Electrical connections were made to the model by 
wires connected to spring-loaded contacts. 


RESULTS USING SINE WAVE CURRENTS 


Figure 2 shows some model results which represent the response of a ten 
ohm-meter earth to sinusoidal currents ranging in frequency from 0.3 cps to 50 
cps. The potential amplitude measured by a } mile spread in response to an essen- 
tially collinear, 1-mile current spread is plotted before and after a simulated salt 
dome was cut into the model beneath the spread. The salt dome represented was 
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a cylinder ? of a mile in diameter rising from about 8800 ft. to within ? of a mile 
of the surface. Later the depth of burial was reduced to one-half of a mile. It 
would seem likely that the effect of the dome on the potential at a depth of a half- 
mile should be larger than, but in the same direction as, the effect of the dome 
at a depth of ? mile. It will be noted from Figure 2 that at most frequencies the 
rather small deviations from the potential measured with no dome present are 
not consistent with this expectation. It is thought, therefore, that the deviations 
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Fic. 2. Experimental variation of the potential amplitude with frequency for steady state cur- 
rents. Sine wave measurements of potential] amplitudes were made at several frequencies before 
and after the simulated salt dome was cut into the model. The higher the frequency the less the 
current penetrates into the earth; therefore, the surface potential increases with frequency for a given 
total current. The effect of the dome is too small to be definitely determined. 


shown are not primarily attributable to the domes, but are the result of experi- 
mental errors. Data on repeat runs showed similar deviations from run to run. 

Figure 3 is a plot of the phase angle of the potential relative to the current 
for the same measurement conditions as those for Figure 2. The deviations of 
the curves are consistent with expectation and it appears that the dome 3 of a 
mile deep caused a phase-angle decrease of five degrees for equivalent frequencies 
ranging from o.5 cps to 1 cps. The three-to-four degree phase increase above 11 
cps is subject to suspicion, since capacitative coupling and difficulty of ground 
isolation at the higher frequencies made reproducibility quite poor. 


| 
: the 
be 
we 
ad 
cre 


A LOW FREQUENCY ELECTRICAL EARTH MODEL 


867 


4 


RESISTIVITY: INFINITE 


EQUIVALENT EARTH RESISTIVITY: 10 OHM METE 


SPREAD LAYOUT: (WENNER) 


CURRENT SPREAD: | MILE 
POTENTIAL SPREAD: MILE 


EQUIVALENT SALT DOME: 
DIAMETER: % MILE 
SHAPE: CYLINDRICAL 


CENTERED OVER 
THE SALT DOME 
POSITION 


RS 


EQUIVALENT EARTH FREQUENCY, CYCLES PER SECOND 


of 
a 
LEGEND: 


—o— NO SALT DOME 


--s—- SALT DOME 5% MILE BELOW SURFACE 


<------ SALT DOME Yo MILE BELOW SURFACE 


20 


30 


40 


50 


60 70 


PHASE LEAD OF POTENTIAL RELATIVE TO CURRENT, DEGREES 


Fic. 3. Experimental phase variation with frequency for steady state currents. Phase measure- 


ments before and after the simulated salt dome was cut into the model are significantly different at 
the lower frequencies. The phase measurements above 5 cps were not very reproducible and may well 
be in error. 


Current spreads of two miles and four miles were also tried, with results that 
were similar to those shown. The best anomalies resulting from the salt dome at 
2 depth of 3 mile probably did not exceed ten percent in amplitude nor five de- 
grees in phase. 
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RESULTS USING TRANSIENT CURRENTS 


The transient response of the model was measured in response to current step 
functions. Figure 4 gives the response of the model for the same current and po- 
tential arrangements used in obtaining the data given in Figure 2 and Figure 3. 
The response of both a ten ohm-meter and a two ohm-meter earth can be deter- 
mined by using the proper time and signal level scales. An equation developed 
by Yost (1952) was used in deriving the following equation, which was then 


TIME IN MILLISECONDS AFTER A CURRENT STEP 
FOR A 20HM METER EARTH 


20 30. 300 500 
CURRENT SPREAD: | MILE 
4 \ POTENTIAL SPREAD: % (WENNER) 
SALT DOME IS A CYLINDER % MILE IN 
DIAMETER AND MILE IN DEPTH 
| 
| \ z 
« 
a 
| 45 
re) 
a 2 
=u 
od 
= 
2 
es \ 
az 2 
yy & 
\ 
ad 
= \ > 
3 
3 
30% 
os 


LEGEND 
—— THEORETICAL CURVE FOR A HOMOGENEOUS EARTH F 
—— EXPERIMENTAL CURVE WITH SPREADS CENTERED OVER SALT DOME 


—-- EXPERIMENTAL CURVE WITH SPREADS OFF THE FLANK OF THE DOME 


4 
TIME IN MILLISECONDS AFTER A CURRENT STEP 
FOR A 10 OHM~-METER EARTH 


Fic. 4. Experimental transient response. The simulated salt dome caused a decrease in the 
transient surface potential at the longer times after a current step. At relatively short times after a 
current step the apparent effect of the dome is to increase the measured potential. The correlation 
between the theoretical and experimental curves is considered to be reasonable. 
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used to compute the theoretical curve of Figure 4: 


2 2 


j=1 j=1 


{( + =) [erf (yxi;)| + (3) 


x;; are the four distances from the ends of the current spread to the ends of 
the potential spread, 

Im is the current step in amperes, 

Vo is the response to a dc current equal in magnitude to the current step, and 

t is the time in seconds after the current step. 


With the salt dome at a depth of } mile, data were obtained both with the 
spreads centered over the simulated dome and with the spreads off the flank of the 
dome (where the effect of the dome should be minor). The correlation of the latter 
curve with the theoretical curve is fair. The differences that are present could be 
accounted for by errors in the timing and by other experimental errors. The 
most diagnostic effect of the presence of the dome is a decrease in the signal level 
at the longer times after the current step (30% decrease at 47 milliseconds for a 
10 ohm-meter earth). At the earlier times (less than 10 milliseconds) the apparent 
effect of the dome’s presence was to increase the signal by a small percentage. 
The integral of the potential over the time interval of 8 to 47 milliseconds (as- 
suming a 10 ohm-meter earth) is almost independent of the position of the 
spreads with respect to the dome. Integration over an earlier time interval should 
yield a ‘“‘signal high’ over the dome whereas integration over a later interval 
should yield a “‘signal low” over the dome. 

Similar results were obtained with an equivalent current spread of two miles. 
Measurements made by Yost et al. (1952, p. 815) on metallic models excited by 
horizontal loops yielded similar anomalies resulting from simulated salt domes. 

Field measurements of the effect of salt domes on the transient response of the 
earth have been reported by Lewis® (1948). 


CONCLUSIONS 


A material with a resistivity in the range of 1X10~* to 1oX 10-4 ohm-meters 
would have many advantages in electrically modeling the earth. Such a material is 


6 Lewis measured a definite anomaly over the Long Point dome, which is buried 1,000 feet beneath 
the surface. 
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not found in nature. However, materials composed of wax-bonded metal particles 
were made which exhibited resistivities in the desired range. Using one such ma- 
terial a model study employing a modified Wenner spread was carried out to 
determine the effect of a simulated salt dome. The salt dome studied yielded rather 
small anomalies. The accuracy and scope of the model studies were limited by 
the following factors: 


1. Changes in the resistivity of the model. 

2. Coupling of current and potential circuits to each other and to ground. 

3. The relatively slow decay of the applied current in the transient test, 
which seriously delayed the time at which accurate potential measure- 
ments could begin. 

4. Noise in the potential amplifiers. 

5. Timing errors in measuring the transient data (resulting from the non- 
linearity of the horizontal sweep of the oscilloscope). 


The effect of model resistivity variations can be minimized by carrying out the 
measurements rapidly. 

The author wishes to acknowledge the help of Joe F. Felber in making the 
model, W. H. Luehrmann in taking some of the data reported, and H. F. Dunlap 
in supervising the project. 
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LINE SPACING EFFECT AND DETERMINATION OF OPTIMUM 
SPACING ILLUSTRATED BY MARMORA, ONTARIO 
MAGNETIC ANOMALY* 


W. B. AGOCS} 


ABSTRACT 


The airborne magnetometer data of the Marmora iron ore deposit at Marmora, Ontario have 
been used as an example to show the results obtained by the use of various line spacings ranging from 
1 mile to } mile. The maps show how easy it is, in any type of geophysical survey, to miss a feature 
of economic value if the line spacing is too coarse. 

The probability equations are given for the crossing of randomly oriented features whose maxi- 
mum dimension is less than the spacing of the control lines for circular, elongate, and rectangular 
outlines. The equations are P=D/S; P=2L/xS; P=2(L+W)/aS; P=A/xS; P=(2L(S+T) 
—L?*)/mST; and P=(D(S+T—7xD))/ST; respectively where P is the probability; D is the diameter; 
L is the length; W is the width; and S and 7 are line spacings. 


INTRODUCTION 


The effect of station spacing and the effect of the distance between the plane 
of observation and the plane of the source of potential field anomalies have been 
frequently studied by geophysicists. 

The purpose of this paper, however, is to illustrate the effect of line spacing 
on the resultant mapped magnetic anomaly for a known magnetite mass, and to 
present the elementary probability equations as worked out by Czuber (1908) 
for the optimum control spacing for detecting a particular type of feature. The 
effect of line spacing, which is illustrated by the magnetic maps presented here- 
with, would be comparable in any type of geophysical survey, since the contours 
between lines are of necessity interpolated. 

From practical and theoretical studies of potential field functions, it is 
found that the following effects are obtained by increasing the distance between 
the plane of observation and the plane of the source of the anomaly: (1) the mag- 
nitude of the anomaly decreases by some inverse power of this distance depending 
upon the shape of the body; (2) the resolution of the individual anomalies de- 
creases; and (3) the areal extent of the anomalies increases. The effect, therefore, 
of increasing the altitude of observation in airborne geophysical surveys is of 
considerable interest in searching for anomalies whose source is at or near the 
earth’s surface, since the optimum level at which measurements are made is such 
that a maximum of resolution is obtained with a minimum of local differential 
effects. 

The magnetite iron ores have a density ranging from 3.2 to 4.5 grams/cm.® 
For practical purposes this represents a range of 8 to 10 cubic feet per ton of ore, 


* Manuscript received by the Editor November 16, 1954. 
} Aero Service Corporation, Philadelphia, Pa. 
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depending upon the magnetite content. For a million tons of ore, the volume 
would be 8 million cubic ft, corresponding to a cube 200 ft on a side. For a small 
operation this may be of interest, but for a large operation a limit of 20 million 
tons may be assumed, corresponding to a cube 545 ft on a side. Marmora has 
20 million tons of ore within a depth range of 500 ft, an areal extent of 320 
thousand square ft, a length of 2,400 ft, an average width of 135 ft, and a maxi- 
mum width of 500 ft. (Anon., 1953) From these considerations, it is possible to 
arrive at values for the areal extent of iron ore concentrations of different shapes 
and distributions of ore, and the resultant anomalies in the magnetic or gravi- 
metric fields. 

The sedimentary radioactive ores, and the weathered outcrops of other radio- 
active ores, present a slightly different problem. The radioactive material in these 
ores contributes very little to the density of the country rock, whose mean density 
would be of the order of 2.6 grams/cm!, or 123 cubic ft per ton of ore. A 10,000-ton 
radioactive ore body with a thickness of one foot would have an areal extent of 
125,000 square ft, which could be distributed as a vein 1 ft wide and 125,000 ft 
long, or as a square 385 ft on a side. These values permit an estimate of the proba- 
ble radiometric anomaly. 

The areal extent of a petroleum structure containing one million barrels is 
controlled by the thickness of the producing section, the porosity, and the 
saturation. Assuming a 20% porosity, a 50% oil saturation, and a “‘sand” section 
5 ft thick, the areal extent of the structure would have to be more than 11 million 
square ft, while a domal structure would have a diameter of about 3,800 ft. 

The above examples may be used as standards in determining the dimensions 
of some structures of interest. 

The following discussion is based on the premise that the original magnetic 
data were obtained at the minimum level of safe flying with the maximum 
economic flight line spacing. 

The Marmora area of Ontario, Canada was flown by Aero Service Corporation 
for the Geophysics Division, Geological Survey of Canada, Department of Mines 
and Technical Surveys. The area is located 14 miles southeast of the town of 
Marmora, and 120 miles northeast of Toronto. Since the prospect is now being 
developed as an iron mine by the Bethlehem Steel Company, it should serve to 
illustrate the practical importance of the choice of line spacing. 


GEOLOGY 


The Marmora area is located in a zone of Paleozoic limestone outcrops which 
locally cover the pre-Cambrian sediments of the Grenville. To the west of this 
local area is the pre-Cambrian basic igneous mass of the Crow Lake structure. 
The Grenville series are metamorphosed igneous and sedimentary rocks which 
have been intruded by syenite and gabbro (Garland, 1951). 

Diamond drilling in the area has shown the limestone to be approximately 
120 feet thick. The ore mass underlying this cap is 2,400 ft long and a maximum 


i 

¥ | 
; 

& 
| 

| 

3 

: 

i 


LINE SPACING EFFECT AND OPTIMUM SPACING 873 


of 500 ft wide, and its vertical extent is greater than 500 ft. The ore zone is a 
complex of magnetite, skarn, and syenite ‘‘shoots” which strikes northwest- 
southeast, and dips to the southwest 70° to 80°. The ore averages about 374 
percent iron, for an open-pit tonnage of approximately 20 million tons (Anon., 
1953). 
AIRBORNE MAGNETOMETER DATA AT VARIOUS FLIGHT LINE SPACINGS 

The original magnetic data from the Marmora were obtained on north-south 

lines flown at a mean terrain clearance of 500 ft. The spacing between flight lines 
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AERO SERVICE CORPORATION, PHILADELPHIA, PENNSYLVANIA 


Fic. 1. Airborne magnetometer map over the Marmora anomaly for 1 mile 
spacing of flight lines. 
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Fic. 2. Airborne magnetometer map over the Marmora anomaly for 1 mile spacing, with a 
+ mile shift westward of flight lines from positions shown in Figure 1. 


was 3 mile. The partial results of this survey are shown on the map of the Depart- 
ment of Mines and Technical Surveys, Geological Survey of Canada, labeled 
AEROMAGNETIC, CAMPBELLFORD Sheet No. 31 C/s. 

The maps of total magnetic intensity observed at a flight level of 500 ft are 
presented in such a sequence that the coarsest flight line spacings are shown 
first. Figures within each group, representing a constant spacing, show the effects 
of shifting the flight lines to the west. 
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FLIGHT WTERVAL | MILE ALTITUDE 500 FEET 


V2 ° 1 MILE 


AERO SERVICE CORPORATION, PHILADELPHIA, PENNSYLVANIA 


Fic. 3. Airborne magnetometer map over the Marmora anomaly for 1 mile spacing, with a 
4 mile shift westward of flight lines from positions shown in Figure 2. 


One-Mile Spacing 

Figure 1 shows the magnitude of the local anomaly for this distribution of 
flight lines to be 100 gammas. Two maxima are observed, one in the west central 
portion and one in the northwest corner of the area. These would be of little 
interest in a survey for magnetite concentrations, since they are caused by shal- 
low sources, and the magnetic anomaly of 50 to 75 gammas is due to a minor 
variation in the magnetic content of the rock. 

Figure 2 shows the map obtained when the control lines are shifted } mile to 
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Fic. 4. Airborne magnetometer map over the Marmora anomaly for 1 mile spacing, with a 
+ mile shift westward of flight lines from positions shown in Figure 3. 


the west with respect to those flown for Figure 1. An entirely different distribu- 
tion of the anomalies is obtained. A relatively strong northwest-southeast trend is 
mapped, and high closures are formed in the center of the area, and in the north- 
western part. The relatively strong north gradient, and the associated negative 
axis, may be interpreted as the contact zone between two rocks or as a possible 
fault line. The cause of these anomalies is shallow, as indicated by the limited 
sharp gradients. The magnetic anomaly of the central high closure has a magni- 
tude of 120-140 gammas. Considering the shallow source, limited areal extent, and 
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Fic. 5. Airborne magnetometer map over the Marmora anomaly for } mile spacing of flight lines. 


small magnitude magnetic anomaly, the area would not be of interest in an iron 
ore survey of the type which was carried on here. 

Figure 3 shows the effect of a mile westward shift of the flight lines. The pre- 
dominant anomaly is located in the center of the mapped area; it is an 1,100- 
gamma positive anomaly which is flanked to the north by a 300-gamma negative 
anomaly. Depth estimates from this feature place its source 700 to 800 ft sub- 
flight, with the mass causing the anomaly having a maximum length of 7,000 ft 
and a width of 1,500 ft. The susceptibility contrast of the source based on the 
above values would be 0.014 cgs. units, representing a concentration of 12 to 14 
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Fic. 6. Airborne magnetometer map over the Marmora anomaly for ? mile spacing, with a 
+ mile shift westward of flight lines from positions shown in Figure 5. 


percent magnetite by volume. In view of this concentration it is doubtful that 
this feature would arouse any interest. 

Figure 4 has its control lines shifted } mile to the west of the lines shown on 
Figure 3. The mapped area is dominated by the 6,oo0o-gamma closure. The 
estimated depth to the source of the anomaly is of the order of 800 ft sub-flight. 
The areal extent of the source is the same as that given above (1,500 ft by 7,000 
ft). Based on these values, the susceptibility of the mass is found to be 0.087 cgs 
units, which is equivalent to a concentration of from 40 to 55 percent magnetite 
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Fic. 7. Airborne magnetometer map over the Marmora anomaly for } mile spacing, with a 
3 mile shift westward of flight lines from positions shown in Figure 6. 


by volume. This computed susceptibility would represent an ore-grade con- 
centration. 


Three-quarter Mile Spacing 


The contours of Figure 5, based ona flight-line spacing of 2 mile, are similar to 
the results mapped on Figure 2 for the 1-mile spacing. However, the decrease 
in the line spacing has tended to reduce or confine the extent of the anomaly. 
While the closer line spacing has reduced the areas of the anomalies, some of the 
detail which is observed on Figure 2, such as the low closure to the southwest of 
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FLIGHT INTERVAL 1/8 MILE ALTITUOE S00 FEET 


AERO SERVICE CORPORATION, PHILADELPHIA, PENNSYLVANIA 


Fic. 8. Airborne magnetometer map over the Marmora anomaly for 3 mile spacing of flight lines. 


the central high and the high closure in the northwest corner, is not mapped 
because of the flight-line locations. Except as a possible indication of a fault or 
contact zone, which might be mineralized, this anomaly would not normally 
be investigated further for iron ore because of the low concentration of magnetite 
necessary to account for the anomaly. 

Figure 6 shows contours based on the data mapped using lines located 4 
mile west of those used for Figure 5. The major anomaly is similar to that shown 
in Figure 3 of the one-mile spacing. The major anomalies of these two figures 
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Fic. 9. Airborne magnetometer map over the Marmora anomaly for } mile spacing, with a 
; mile shift westward of flight lines from positions shown in Figure 8. 


are the same, but the anomaly lengths are reduced by the closer control-line 
spacing, and additional detail is revealed. The interpretation of this feature would 
be the same as for Figure 3. 

Figure 7 shows the results of using the control lines } mile to the west of those 
used for Figure 6. The results of these lines of control are similar to those mapped 
on Figure 4, and the interpretation would be similar, but with an up-grading of 
the apparent magnetite content of the source as a result of the increased suscepti- 
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Fic. 10. Airborne magnetometer map over the Marmora anomaly for } mile spacing of flight lines. 


bility value computed on the basis of the decreased areal extent of the apparent 
cause of the anomaly. 


One-half Mile Spacing 

Figures 8 and 9 show the results of a } mile spacing of the lines of control. 
Figure 8 shows an anomaly of 1,100 gammas, but Figure 9, using control lines } 
mile to the west of those for Figure 8, shows an anomaly of more than 7,000 
gammas. While the anomaly length is confined to a distance twice the control 
line spacing on both maps, the true apex of the anomaly is better indicated on the 
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map of Figure 9. It appears to be located 300 ft to the west of the flight line falling 
closest to its position. 


One-quarter Mile Spacing 


Figure 10 shows the airborne magnetometer survey results for 3-mile spacing. 
Essentially, the mapped contours are similar to those observed on Figure 9, ex- 
cept for the addition of detail and the confinement of the anomaly within a 
northwest-southeast distance interval of 2 mile. 

The depth determination from the mapped data shows the source of the anom- 
aly to be 600 to 700 ft below the flight level, which was 500 ft above the terrain. 
This compares favorably with the ore body’s depth of 120-150 ft sub-surface 
as found by drilling. 

The source of the anomaly would be computed to be 2,500 ft long and 750 
to 1,000 ft wide. The value of the length as interpreted from the magnetic data 
compares favorably with that found by drilling, but the values of the width are 
too high. However, more detailed analysis of the magnetic data would probably 
yield better agreement. 


DETERMINATION OF OPTIMUM LINE SPACING FOR GEOPHYSICAL SURVEYS 


In the planning of a geophysical program it is necessary to determine the 
spacing of survey lines to be used. This spacing should be such as to insure a high 
probability of observing the geophysical anomaly from the body having eco- 
nomic interest. 

The geophysicist, upon considering the dimensions of the structure or body 
which is being sought, may determine the areal extent of the geophysical anomaly 
which would be caused by the body. For seismic surveys the areal extent of the 
structure and of its seismic anomaly would be the same regardless of the distance 
between the structure and the plane of observation. However, in the case of grav- 
ity, magnetic, and, to a certain extent, electrical and radioactive surveys, the 
areal extent of the geophysical anomaly depends on the distance between the 
plane of observation and the body being sought as well as on the areal extent of 
the body itself. 

The geological conditions encountered in petroleum surveys present different 
problems from those encountered in mineral surveys. In petroleum surveys by 
potential methods, the thickness of the sedimentary section controls the distance 
between the plane of observation and the source of the geophysical anomaly. 

The problem to be solved is to find the probability, which can not exceed 
unity, of detecting a geophysical anomaly of the required minimum dimensions 
with a given line spacing. This is a problem in continuous geometric probabilities 
for which the mathematics has been worked out by Czuber (1908). 

For a given circular anomaly whose diameter is D, which is less than the line 
spacing S, the probability of a line crossing the anomaly would be the ratio 


P=D/S. (x) 
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For the case of elongate anomalies of length Z, randomly distributed over the 
area of the survey, where the line spacing S is greater than L, the probability 
of crossing such features would be 


P = 2L/rnS, (2) 


which is the solution of Buffon’s problem. 
For randomly distributed features having a length L, greater than the line 
spacing S, the probability of crossing such features would be 
2L 
= sin 09) + 


(2a) 


20 
’ 


where cos 0>=S/L. When S/L=1, equation (2a) reduces to equation (2). 

For the case of randomly distributed rectangular anomalies of length Z and 
width W, whose diagonal is less than the line spacing S, the probability of crossing 
such features would be 


P = 2(L+ W)/sS. (3) 


For irregularly shaped anomalies of perimeter A, the probability of crossing would 
be 
P = (3a) 


For grid spacings of S and T>S, where L<S, the probability of crossing 
randomly-distributed elongate features would be 


2L(S + T) — L? 
P= (4) 
T 
and for circular anomalies of diameter D less than the smaller side of the grid, 
the probability of crossing the randomly distributed features would be: 


nD) (s) 
ST 
In the case of Marmora, it may be shown, on the basis of these equations, 
that the probability of locating ore bodies of such dimensions for the 1-mile 
flight line spacing would be 0.350; for the 2 mile spacing it would be 0.625; for 
the half-mile spacing it would be 0.700; and for the } mile spacing it would be 
0.900. 


CONCLUSIONS 


This study of the Marmora, Ontario airborne magnetometer survey has illus- 
trated how it is possible to miss an anomaly caused by an economic source through 
insufficiently close flight line spacing. Equations have been given for the determi- 
nation of the probability of locating an anomaly of given dimensions with a 
chosen line spacing or grid. 
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SOME APPLICATIONS OF GEOPHYSICAL PROSPECTING IN 
THE UNION OF SOUTH AFRICA* 


J. F. ENSLINt 


ABSTRACT 


The major application of geophysica] prospecting in the Union of South Africa is in determining 
locations for drilling water wells. Four principal approaches are employed: 1. Permeable contact 
zones between igneous intrusions and sedimentary rocks are sought by magnetic surveys. 2. Basins 
of decomposition are sought by the resistivity method. 3. Narrow water-bearing fissures and fault 
zones are located by an electromagnetic method. 4. The water-bearing and water-yielding properties 
of rocks are determined from their computed resistivities. 

The interpretation of resistivity depth probe curves is based on an empirical method which 
corrects for lateral effects. 

Another important application of geophysical prospecting in the Union is in gold-mining. Gravi- 
tational and magnetic surveys have been widely used in the search for auriferous reefs in the Wit- 
waterstand system which are concealed by a deep cover of younger rocks. 

Resistivity, electromagnetic, gravitational, and seismic methods have been applied to problems 
of engineering geology, including the delineation of areas in dolomite where sinkholes may occur. 


INTRODUCTION 


The following factors have largely controlled the application and develop- 
ment of geophysical prospecting in the Union of South Africa: 

(a) The probability that any oil pools will be discovered in the Union is re- 
mote, and the areas that still merit prospecting for oil are limited. Geophysical 
prospecting for oil, which accounts for more than 98 percent of all activity in 
exploration geophysics (Eckhardt, 1953), is therefore of minor importance in 
South Africa. 

(b) The Witwatersrand system, with its very important gold-bearing reefs, 
can be traced under the cover of more recent formations by magnetic and regional 
gravitational surveys, and under favorable conditions the position of the sub- 
outcrop of the reefs and the depth of the cover can be determined. 

(c) South Africa is for the most part a semi-arid country, and in over 70 
percent of its area the farmers are dependent solely on ground water for domestic 
purposes and stock. Bore-holes yielding more than 100 Imperial gallons per hour 
are considered successful for these purposes. The minimum yield for successful 
bore-holes drilled for irrigation, town or railway supplies, etc., is naturally much 
higher. 

Suitable boring sites are more and more difficult to find; the percentage of 
failures and the average depth of bore-holes have increased (Fig. 1); and the cost 
of one watering point, developed by government drilling machine, has more than 


* Presented before the Society at its Annual Meeting in St. Louis April 15, 1954. Manuscript 
received by the Editor Apri] 26, 1954. Published by permission of the Secretary of Mines, Union of 
S. Africa. 

t Geological Survey, Union of South Africa, Pretoria, S.A. 
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doubled since 1943. The sites for more than gs percent of the existing 300,000 
bore-holes have been selected without the use of geophysics. The search for water 
has become a major problem in some parts of the country and the most promising 
solution of the problem in the more difficult areas lies in geophysical surveying. 
The objective of this paper is to discuss some of the important applications 
of geophysical techniques in the Union of South Africa, particularly those with 
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Fic. 1. Percentage of bore-holes which have been successful (yield more than 100 Imp. gallons 
per hour) and average depth of bore-holes drilled by the Irrigation Department, Union of South 
Africa, 1907-1952. 


which the writer has been actively concerned. A summary of all geophysical 
prospecting activity in the Union at the present time will not be attempted. 


GEOPHYSICAL PROSPECTING FOR GROUND WATER 
General 


Approximately 10,000 bore-holes are drilled annually for water by about 1,000 
boring machines. The Irrigation Department of the Union Government is the 
largest single “drilling contractor.”” The Department had 214 drills in the field 
during the 1952-1953 financial year, and 2,720 bore-holes with a total depth of 
449,148 feet, were drilled for water. 

The distribution of yield from bore-holes in the Union is given in Figure 2. 
A total of about 10,000 bore-holes drilled by the Irrigation Department during 
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2600. 200 000" 3000 
Fic. 2. Distribution of water yields in bore-holes drilled by the Irrigation Department, 
Union of South Africa, during 1945-1948. 


1945-1948 were used in compiling this curve. It is believed that these bore-holes 
are representative of all drilling carried out in the Union. The relatively low yields 
of the bore-holes compared with that obtained in other countries result from the 
fact that highly permeable, superficial, and granular water-bearing formations, 
which form the major aquifers in the United States of America, are practically 
non-existent in South Africa. 

The majority of bore-holes are drilled in bedrock formations which consist of 
igneous and sedimentary rocks ranging from pre-Cambrian to Triassic in age. 


Geophysical Surveys 


The yields of bore-holes in bedrock formations are dependent on the porosity 
and permeability of the rock. These generally vary a great deal within short dis- 
tances. The zones of high permeability and porosity in the rocks that serve as 
aquifers were developed subsequent to the time of their deposition or intrusion 
and their location cannot in general be predicted from gelogical mapping alone. 
Even if their presence is suspected, they cannot as a rule be delineated with the 
accuracy required for the selection of boring sites. In at least 75 percent of the 
areas investigated for the selection of boring sites, the evidence obtainable from 
geological indications at surface is insufficient and geophysical exploration must 
be used for good results. 
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Fic. 3. Yield of bore-holes in Karroo sediments in the Orange Free State as a function of the 
distance of the bore-holes from contacts of vertical dykes. 


The scientific selection of boring sites for water in the Union therefore nor- 
mally requires a geophysical survey, and for this reason the author envisages a 
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great expansion of geophysical activity in the future. Because the ground water 
occurs under different geological and hydrological conditions, many of the prob- 
lems have not yet been tackled or solved and many current techniques must be 
modified—or new techniques developed—in order to discover water under the 
various conditions that are encountered. It will probably take many years for 
geophysics to achieve success in solving the ground-water problem in some of 
the areas of the Union. 

Geophysical surveys for the location of ground water differ in several respects 
from geophysical surveys for minerals and oil. Because of the economics of the 
situation, a geophysical survey made for the selection of a single drill site should 
be completed within two or three days at a cost of not more than £30 to £40. 
To minimize costs and produce flexibility of operations, the field technique is so 
chosen that interpretations can be readily made in the field. Some of the tech- 
niques and their practical applications will be described briefly. 


Sedimentary Aquifers at the Contacts of Igneous Intrusions 


More than 4o percent of the area of the Union consists of exposures of Karroo 
sediments of Carboniferous to Triassic age, intruded by a network of dolerite 
dykes and sills. With the exception of the folded rocks in the Cape Province, the 
shales, mudstones, and sandstones of the Karroo system are essentially flat-lying 
and generally have very low permeabilities. Abundant supplies of water are 
rarely found in these rocks except in the zone of baked rock at the contact of the 
dolerite intrusion and the sedimentary rocks. 

This baked zone seldom exceeds a few inches in width at the contacts of 
narrow, vertical, or steeply dipping dykes. As these contacts are only roughly 
planes, a bore-hole drilled within three feet of the contact of a vertical dyke has 
a very good chance of penetrating the indurated (baked) zone and striking a 
supply of water. In Figure 3 the yields of bore-holes are plotted against the 
distances of the bore-holes from vertical dykes. 

During pumping operations the water stored in the sediments, which form 
the ground-water reservoir, slowly percolates into the contact zone, which acts 
as the aquifer, at all points over its large area, and then flows along the aquifer 
into the bore-hole. Sub-artesian conditions are thus encountered, and the dip of 
the contact zone becomes an important factor in determining the yield of the 
bore-hole. The largest supplies are generally obtained in the vertical contact 
zones of dykes; good supplies are also found, however, above flat-lying dolerite 
sheets in the sediments under conditions where the water table is shallow and the 
sediments have acquired a high permeability due to weathering near the surface. 

A section through a basin formed by a dolerite sill at Cornelia is given in 
Figure 4. A 72-hour pump test was made on one of the bore-holes in the eastern 
part of the basin. The cone of pressure relief which was formed during the test 
could be plotted from observations of water levels in bore-holes no. 1 to 3, which 
were all drilled through the aquifer (the baked sediments above the dolerite) and 
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Fic. 5. Interpretation of contacts of dolerite dyke from the vertical intensity magnetic anomaly. 
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which stopped in solid dolerite. In bore-hole no. 4, which did not reach the aquifer, 
no corresponding lowering of the water table was observed. In the latter bore- 
hole the water level dropped only one foot over the 72-hour test; this drop cor- 
responds to the dewatering of the ground-water reservoir during the test. 

The slow seepage of the water from the sediments into the baked zone towards 
the bore-hole from all directions is illustrated by arrows in Figure 4. 

There is still a difference of opinion (Weiss and Frost, 1948; Enslin, 1950) as 
to the best method of tracing the contacts of dykes under cover for the selection 
of sites for boring. The method devised by the author and now applied with suc- 
cess in routine surveys for the selection of boring sites will be described briefly. 

The masking effect of overburden and weathered dyke material, 10 feet to 100 
feet deep, causes the dyke to give negligible indications in conventional electrical 
surveys (either with constant-separation traverses or with depth probing) and 
the contacts cannot be determined with the required accuracy by such tech- 
niques. In many areas, however, the dykes are strongly magnetic and the con- 
tacts can be determined with an accuracy of about 3 feet by taking traverses of 
the vertical magnetic field across the dyke. 

The major part of the anomaly across a dyke is due to permanent magnetism 
of the dyke itself, and the anomaly on any section across the dyke is the resultant 
of one or more symmetrical negative or positive anomalies due to lines of poles. 
The peaks of these symmetrical anomalies are vertically above the poles and 
therefore directly above some point on the dyke. A large percentage of the poles 
have been found to align themselves along the edges of the dykes. By plotting all 
peaks obtained on a number of traverses across a dyke, the two outer rows of 
peaks, which generally are recognizable, should be within a foot or two of the 
contacts. 

The asymmetry of the anomalies is therefore not ascribed to dipping dykes 
or to induction by the earth’s field, but is due to superposition of anomalies with 
different intensities from individual poles. It has been found that the peak of the 
smaller symmetrical anomaly, with polarity opposite to that of the larger anom- 
aly, may be displaced by as much as 20 feet from the position directly above the 
pole, and the contact of a dyke could thus be interpreted incorrectly by plotting 
displaced peaks. The correct position of the peak can be obtained by the graphical 
construction shown in Figure 5, as follows. 

It is assumed that only the inner limb of the larger (positive or negative) 
anomaly, which is on the side nearer the smaller (positive or negative) anomaly, 
has been distorted by the smaller feature. The undistorted symmetrical large 
anomaly is thus constructed by drawing the inner half of the anomaly symmetri- 
cally with the outer half. The difference between the symmetrically-constructed 
anomaly and the observed anomaly is then assumed to be equal to the smaller 
anomaly, which is now determined and plotted. The position of the peak of this 
graphically constructed weaker anomaly is plotted on the map for determining 
the contact of the dyke. 
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Basins of Decomposition in Igneous Rocks 


In addition to the scattered diabase and dolerite sills and dykes discussed 
above, large masses of plutonic and extrusive rocks occur and their outcrops 
cover 20 percent of the area of the Union. Their importance in ground-water 
development in the Union is borne out by the fact that 50 percent of all bore- 
holes drilled by the Irrigation Department are in igneous rocks. 

Practically all ground water stored in igneous rocks is stored in weathered 
rock which tends to vary in depth and lateral extent and which generally forms 
basin-shaped bodies on a floor of broken-and-solid rock. These basins generally 
show no surface indications but can readily be delineated by electrical resistivity 
surveys. Free ground water can be tapped by sinking bore-holes in the deepest 
parts of the basins, as illustrated in Figures 6 and 7. 

Resistivity surveys are perferred to potential-drop-ratio or equipotential-line 
surveys in order to determine the depth to the floor of the basin as well as to cor- 
relate the resistivity with the water-bearing and water-yielding properties of the 
rocks. For a reconnaissance survey a series of depth probes spaced 200 to 400 
yards apart has been found as informative as, and much faster than, constant- 
separation traverses, which are therefore rarely taken. Under normal conditions 
in South Africa, where surface resistivity varies within wide ranges over relatively 
small distances (see Figure 14), constant-separation traverses have been found 
very deceptive when used to determine the depth of decomposition. 

The resistivity instruments used are constructed on the Gish-Rooney princi- 
ple in the geophysical workshop of the Geological Survey. For routine surveys, 
the Wenner configuration of electrodes is employed. 

Although the decomposed rock forms the major ground-water reservoir for all 
basins, the movement of ground water varies as water is pumped from bore- 
holes, and basins can accordingly be divided into two main groups: 

Basins in which Free Water Conditions Exist and in which Cones of Depression 
are Formed when the Water is Pumped.—Granite and the associated acid rocks 
generally weather to a reasonably permeable granular material. The actual per- 
meability may vary with the depth, but the conditions are generally such as to 
approach free-water conditions, and the laws of flow under water-table condi- 
tions are therefore applicable. The basin of decomposition delineated on Twee- 
rivier 92, Brits district in the Transvaal, is shown in Figure 6, and a geological 
and resistivity section through it is given in Figure 7. Although bore-hole no. 
47207 was stopped in decomposed rock more than 50 feet above the floor of solid 
rock as interpreted from the depth-probe curve, a yield of 2,500 gallons per hour 
was obtained (Fig. 8). Nevertheless, it has generally proved advisable to drill 
until solid, unweathered rock is encountered. 

Basins in which Confined Water is Pumped and in which Cones of Pressure 
Relief are Formed (Fig. 9).—Most basic igneous rocks, unlike granitic ones, de- 
compose to a clayey product with a very low permeability and only the broken 
and slightly weathered rock of the transition zone at the bottom of the basin is 
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Resistivity and apparent resistivity i ohm-cm: 
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Fic. 8. Resistivity log and depth probe: bore-hole no. 47207, yielding 2,500 gallons 
per hour, at Tweerivier, Brits district, Transvaal. 


permeable. Any bore-hole will be a failure if it is drilled in decomposed rock below 
the static water level, and stopped before it penetrates this narrow aquifer. If 
the solid rock in the deeper part of the basin is struck by the drill after the per- 
meable zone has been pierced below water level, a supply of 500 to 3,000 Imperial 
gallons per hour can normally be expected. 

Although the water is stored in the weathered rock, the flow of water into the 
bore-hole, during pumping operations, is confined to the permeable horizon im- 
mediately above the floor of the basin. The yield of the bore-hole is therefore a 
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function of the slope, 6, of this contact zone, as well as the depth, h, of water 
above the floor of solid rock. During pumping operations a cone of pressure relief 
is formed. 


Interpretation of Depth of Static Water Table 


The depth to the static level of the ground water is of primary importance for 
the selection of suitable boring sites. It has been proved impossible to determine 
the depth of the water table in bedrock formations by any geophysical method. 


Resistivity and apparent resistivity in ohm-cm 
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Fic. 10. Resistivity log and depth probe for bore-hole at Palmietfontein ror, 
Pietersburg district, Northern Transvaal. 


The specific retention of the weathered rock is fairly high and, in addition, there 
is normally a gradual decrease in porosity with depth, with the result that there 
is generally no sudden increase in percentage moisture content at the water table 
and, as a consequence, the ground-water level does not demarcate a plane of 
contrast of the order necessary for detection by surface geophysical measure- 
ments. The resistivity log of a typical borehole on Palmietfontein 101, showing 
the gradual increase in resistivity with depth due to decrease in porosity, is given 
in Figure 10. The absence of any sharp resistivity change at the water table is 
clearly shown in the resistivity log of bore-hole G. 1862 on Hartebeespoort 304, 
Pretoria district, given in Figure 11. The author is, therefore, rather sceptical 


q 


goo J. F. ENSLIN 


about some of the published predictions of depths to water table in bedrock from 
depth-probe curves. 

It is possible to arrive at a fairly accurate estimate of the water level at a 
given location from the water levels in bore-holes in the vicinity, and by adjusting 
for topography and other factors. 


Fault Planes and Narrow Fracture Zones 


Fault planes and fracture zones are important for the selection of boring sites 
in areas where weathering is shallow, or where large supplies are required for irri- 
gation, towns, or railways. If the faults or fracture zones are 20 feet or more in 
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Fic. 11. Resistivity log and depth-probe for bore-hole at Hartebeespoort 304, Pretoria district. 


width, such structures can be found in some cases by very detailed resistivity 
surveys. The majority of these structures, however, will be missed by routine 
resistivity surveys for ground water, and a large percentage cannot be detected 
by resistivity surveys at all. 

An electromagnetic field technique has been developed for locating and 
tracing such structures. This technique, described in another paper (Enslin, 
1954), can be summed up as follows: 

An alternating current of audio-frequency is introduced conductively into 
the ground. Measurements of the tangential component of the horizontal electro- 
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magnetic field (called the Hy-field) are taken on concentric circles around this 
current source. Peaks indicate current concentrations which may be due to 
fault planes or fracture zones. 

An electromagnetic survey is very often carried out supplementary to the 
resistivity survey in areas where rapid variation in resistivity, both laterally and 
vertically, tends to complicate and reduce the accuracy of resistivity interpreta- 
tions. This electromagnetic technique has the advantage over resistivity methods 
in that the H7-curves are for all practical purposes not subject to lateral effects 
and the horizontal position of a linear conducting structure can be determined 
accurately. Furthermore, fault planes and crushed zones that have been sealed 
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Fic. 12. Yield-resistivity correlation curves, showing percentage of bore-holes successful and average 
yield of successful bore-holes as a function of interpreted resistivity of formation. 


by secondary recrystallization, and therefore rendered unfavorable for locating 
bore-hole sites, will not produce an Hr-anomaly and can thus be distinguished 
from water-saturated fractures which form aquifers. 

This electromagnetic technique has already been applied with great success 
in areas where water supplies in narrow aquifers could not previously be located. 
Flows of more than 10,000 gallons per hour have been observed in some of the 
bore-holes penetrating such linear structures. 


Correlation between Resistivity and Yield 


The yields, obtained from bore-holes, of aquifers consisting of weathered 
igneous or sedimentary rocks can be plotted against the resistivity of the aquifers. 
The resistivities are interpreted from depth-probe observations at the bore-holes. 
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The average yield of successful bore-holes and the percentages of successful bore- 
holes drilled in any particular formation under fairly uniform climatic conditions 
can thus be determined and plotted as a function of the resistivity (Fig. 12). 

These curves, designated as yield-resistivity correlation curves, have been 
constructed for a number of formations and are used as an aid in estimating the 
probability of striking a supply of water at any site for which the resistivity of 
the aquifer has been determined by an electrical survey. 

It is assumed that for uniform climatic conditions the salinity of the water in 
any formation does not vary within wide limits, and that the porosity and per- 
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Fic. 13. Resistivity log and depth probe for bore-hole no. 41521, 
Van Koppe, Harrismith district, Orange Free State. 


meability of the aquifer are therefore the main factors determining its resistivity. 
The yields obtained in fairly homogeneous, porous aquifers, which fall within the 
low-to-medium-resistivity range for any particular formation, is largely a func- 
tion of permeability, assuming that the penetrations of the bore-holes below 
water table in the aquifer do not vary greatly. On the other hand, for the part of 
the formation which is characterized by high resistivity, any aquifer would be 
formed by a series of fractures in solid rock, which decrease in number with 
increase of resistivity. The number of fractures rather than the permeability 
now becomes the major factor determining the yield. 
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Interpretation of Depth-Probe Curves 


Two factors have determined the method for interpreting the depth-probe 
curves obtained during routine resistivity surveys in the Union. In most places, 
the resistivities of geological formations vary rapidly, both vertically and lat- 
erally; thus, data can be correctly interpreted by the use of the theory for two, 
three, or four layers only under exceptional conditions. Figure 13 shows a curve 
taken over a structure which is indicated by the electrical log to be multi-layered. 
The curve would normally have been interpreted as being due to an almost 
homogeneous earth. 

The second factor that has governed the choice of interpretation techniques 
is the fact that the data must be interpreted in the field immediately after ob- 
servations have been taken. No time is available for detailed methods of inter- 
pretation. 

All depth probes are taken with the Wenner configuration, oriented parallel 
to the strike of the formations whenever possible. Differences in resistivities near 
the electrodes are thus kept to a minimum and interpretation is facilitated. The 
interpretation of a depth probe is carried out in three stages. 

In the first stage the depth probe is interpreted by an empirical method 
(Figure 14). It is assumed that the subsurface consists of horizontal layers only, 
with resistivities p1, p2, etc. at depths o to fy, hy to In, etc., respectively. The slope 
of each curve depends on the thicknesses and resistivities of the various layers. 
If a curve is approaching an asymptote for increasing electrode separations and 
suddenly changes slope at an electrode separation a,, the depth to the top of the 
(n+1)st layer is assumed to be h,=ap. The resistivity p, of the mth layer can be 
read off the curve if the asymptote pa=p, has been approached closely, or it can 
be obtained by estimating the way in which the curve would approach its asymp- 
tote if the mth layer extended to infinity. 

In some instances a segment of the curve will be a straight line which can be 
extended back through the origin. The electrode separation a, at which the curve 
becomes such a straight line is considered to be the depth h, to the top of a bed 
of infinite resistivity. By ‘“‘infinite”’ is meant a resistivity at least 10 times that of 
the layer immediately above. In such cases it is impossible to determine the ac- 
tual resistivity of the lower layer, except under very favorable conditions. This 
lower layer with “‘infinite” resistivity is generally solid bedrock, but if the resis- 
tivity of the upper layer is very low, the “‘infinite’’ resistivity may still be that of 
decomposed rock. At depth-probe positions nos. 4 and 5 in the section through the 
basin of decomposition on Tweerivier (Fig. 7), the first layer has a resistivity 
of 2,000 ohm-cm and the second layer an “infinite” resistivity, which could 
either be 20,000 ohm-cm, which is the resistivity of decomposed granite, or as 
high as 106 ohm-cm, which is the resistivity of solid granite. 

A depth probe is generally considered to be completed as soon as “infinite” 
resistivity is indicated, and the instruments are moved to the next station. With 
the type of resistivity instruments used, it is possible to keep the current constant 
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for the series of electrode separations by means of rheostats in the C-circuit, and 
“infinite”’ resistivity is considered to have been obtained when the potential re- 
mains constant for two or three consecutive increases of electrode separation. 


-——— Observed Curve 
Auxiliary Curves 


Apparent Resistivity (Fa ) 


Interpreted log 
° 10,000 ohm-cm. if of 20,000 ohm-cm. 
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3 \ 
100- 
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ij 2004 
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Fic. 14. Empirical interpretation of depth-probe curve. 


In the second stage of the interpretation, the computed resistivities for each 
depth-probe curve are plotted as resistivity logs on a section showing the positions 
of the depth probes (such as in Fig. 15), and these are corrected for lateral effects. 
If the resistivities interpreted at adjacent depth-probe positions are identical, no 
lateral effects exist. If, on the other hand, the computed resistivities for the two 
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depth probes differ appreciably, then the one is within the sphere of influence of 
the other (Enslin, 1948), and the curve for the high resistivity position has neces- 
sarily been influenced to a great degree by the low resistivity of the adjacent 
position. The low resistivity curve has not been influenced to the same degree by 
the high resistivity (see depth probes 5 and 6 of Fig. 15). Corrections for the 
lateral effects are made by starting from the low-resistivity probes, estimating the 
effects on adjacent curves, and altering the values in the resistivity section where 
necessary. A resistivity profile is then constructed by connecting corresponding 
contacts between resistivity layers. 

In the third and final stage of the interpretation, each resistivity layer is con- 
sidered in the light of the known geology of the area, the mode of weathering, 
and the resistivity range that can be ascribed to the various formations. On the 
basis of these considerations, the resistivity profile is converted into a geological 
section. 


GEOPHYSICAL PROSPECTING FOR GOLD 


Most of the gold produced in the Union is mined from conglomerates, locally 
called banket, in the Witwatersrand system, a pre-Cambrian formation consisting 
of approximately 24,000 feet of sediments. This system is divided into a more 
argillaceous Lower Group and a more arenaceous Upper Group of beds. Some of 
the shales in the Lower Group are ferruginous and, hence, magnetic; the gold- 
bearing conglomerates occur in the Upper Group. 

Rocks of the Witwatersrand system outcrop in the Central Witwatersrand, 
and also near Klerksdorp, Heidelberg, Vredefort, and in some other minor locali- 
ties. In the Far West Rand, the East Rand, the Far East Rand, and in the Oden- 
daalsrus area of the Orange Free State, however, the system is covered by more 
recent rocks to depths that may range from less than 1,000 feet to more than 
10,000 feet. 

The existence of the gold-bearing conglomerate under cover can be proved 
only by drilling. The choice of target areas for drilling is facilitated by geophysical 
methods because in some cases they make it possible to determine the presence 
of the upper Witwatersrand beds under cover. 

Krahmann (1936) was the first geophysicist to take magnetometric traverses 
across the Witwatersrand System where it is covered by more recent formations. 
His object was to determine the positions, depths, and dips of the suboutcrops of 
known ferruginous shale beds from their magnetic anomalies. He would thus have 
been able to calculate the positions and the depths of the suboutcrops of the aurif- 
erous Main Reef horizon. The investigations were started in 1930 and by 1935 
the Main Reef horizon had been traced for more than 30 miles on the Far West 
Rand. Magnetic surveys were also carried out on the East Rand (Weiss, 1936) 
and Far East Rand (Fox, 1939) and prospecting was then extended farther from 
the known outcrops into the Orange Free State. Here the exploration problem is 
to find Upper Witwatersrand beds containing the gold-bearing reefs at relatively 
shallow depths that will permit mining. 
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Weiss (1935) first suggested that the large changes in thickness of the ande- 
sitic lava of the Ventersdorp system overlying the arenaceous Witwatersrand 
system could probably be determined by the gravitational method because of the 
density contrast between these two systems. Average specific gravities of the 
Witwatersrand system and the other formations which form the floor or cover 
are given in Table I. These values have been determined by various investigators 
(Maree, 1944; Borchers and White, 1943; Frost et al., 1946). 


TABLE I 
Specific 
Geological Formation Gravity 
Karroo system 
sandstone and shale 2.3 -2.5 
Transvaal system 
Pretoria Series (shale, quartzite, lava) 2.8 
Dolomite 2.85 
Ventersdorp system 
Andesitic lava 2.81-2.90 
Acid lava and quartzite 2.68-2.76 
Witwatersrand system 
Upper arenaceous beds 2.65-2.70 
Lower argillaceous beds 2.80-2.90 
Older Granite 2.65 


On a traverse across the various surface exposures near Vredefort, the lowest 
gravity values are observed on the Older Granite, the first positive anomaly on 
the Lower Witwatersrand, low values again on the Upper Witwatersrand, and a 
second positive anomaly on the Ventersdorp and Transvaal systems. 

In the Odendaalsrus gold field, Karroo shales and mudstones, with thickness 
up to 2,500 feet, rest on a slightly undulating surface of older rocks which are 
intensely broken up by pre-Karroo faults. The Witwatersrand system here is 
unconformably overlapped by the Ventersdorp system. The interpretation of 
the gravity and magnetic anomalies becomes extremely difficult in this area and 
in many cases no clear-cut interpretation can be made. The earlier gravitational 
surveys (Borchers and White, 1943; Frost et al., 1946) were carried out by torsion 
balance. The terrain, being flat, is ideal for surveys with this instrument. In some 
areas large local gradients and curvatures of gravity were caused by the irregular 
weathering of dolerite sills at the surface. These irregularities in some cases ren- 
dered the interpretations doubtful or valueless. A similar difficulty was en- 
countered in the magnetic surveys because of the large polarization anomalies 
caused by the shallow dolerite sills, which in many cases completely masked the 
smaller deep-seated anomalies of the Lower Witwatersrand beds. Introduction 
of the gravimeter (Enslin, 1944) has eliminated the disturbing gravity effects of 
the dolerites near the surface while the difficulties due to near-surface polarization 
can be overcome by using the airborne magnetometer (Weiss, 1949). 
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Some of the pioneering surveys in the Odendaalsrus goldfield are described by 
Borchers and White (1943) and by Frost et al. (1946). 

Two geological-geophysical sections across the Odendaalsrus gold field, com- 
piled from unpublished surveys carried out by members of the staff of the Geo- 
logical Survey, are shown in Figure 16. The section lines have approximate east- 
west bearings across the strike of the Witwatersrand beds, and are separated by 
distances of 14 and 8 miles, respectively, at their western and eastern extremities. 
The Bouguer gravity anomalies are based on a gravimeter survey; the vertical 
magnetic intensity curves obtained by surface observations have been smoothed 
to remove irregular anomalies caused by near-surface polarization of dolerite; and 
the geological sections are deduced from bore-hole data. 

The salient features of Figure 16 illustrating the application of geophysical 
techniques to this and similar areas are as follows: At A, older granite is indi- 
cated by the large negative gravity anomaly and normal magnetic field intensity; 
at B, the positive gravity anomaly, accompanied by either positive or negative 
magnetic anomalies, is characteristic of the Lower Witwatersrand beds; at C, 
immediately adjoining anomaly B, a negative gravity anomaly and normal 
magnetic field indicate the economically important Upper Witwatersrand. The 
interpretation of the geophysical anomalies is more difficult in areas where fault- 
ing causes duplication of formations. 

On the basis of the indications provided by the low-gravity zone C (section b, 
Fig. 16) which was originally located by a torsion balance survey (Frost et al., 
1946) the first bore-hole in the St. Helena mine area was drilled in 1937-38. In 
this bore-hole, the Upper Witwatersrand was encountered at a depth of gg1 feet, 
and payable gold was found in the underlying reef at a depth of less than 2,000 
feet from the surface. 

Other positive gravity anomalies that are unaccompanied by magnetic anom- 
alies are assumed to indicate a thick cover of andesitic lavas of the Ventersdorp 
system. The gravity effect of the change in thickness of the Karroo sediments is 
superimposed on the pre-Karroo anomalies, and can be corrected for only if the 
thickness of the sediments is known. 

A close study of the geophysical anomalies shows that the interpretation is 
not always straightforward. The interpretation of isolated geophysical surveys, 
which cover only small option areas, presents greater difficulties than the inter- 
pretation of regional surveys, which cover proved areas as well, and thus pro- 
vide greater geological control. 

The Geophysical Branch of the Geological Survey is carrying out systematic 
gravity and magnetic surveys of the Union as a whole, and in particular of po- 
tential areas in which the Witwatersrand system may occur under cover. The 
results of these surveys should ultimately give a much clearer picture of the possi- 
ble distribution of other, currently unknown, units of the Witwatersrand system 
under cover of more recent rocks. 
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GEOPHYSICAL SURVEYS FOR OTHER MINERALS 


Self-potential surveys have been made for nickel and copper ores, but with dis- 
appointing results. The limitation of this method in the Union results from the 
fact that the ores generally occur in rocks that are weathered only to depths 
much shallower than the zone of oxidation of the ore. The resistivity of the un- 
weathered rock is too high to allow any measurable amounts of the self-potential 
current to reach the surface. 

In the Barberton Goldfields, however, self-potential anomalies exceeding 
— 1,000 millivolts were observed. These are caused by oxidation of sulphide ore 
which is associated with the gold in some of the reefs. 

Extensive electromagnetic surveys have been carried out in the Rooiberg- 
Leeupoort Tinfields in the Transvaal. It was possible to trace not only most of 
the known tin-bearing lodes and fault zones but also a number of unknown 
faults, some of which were afterwards proved to be economically mineralized. 
Similar surveys were made on some of the fault zones associated with the copper 
mineralization in the Messina area of the Northern Transvaal, and it was found 
that most of them could be traced easily by the Hr-method. 

Radioactivity logging has been undertaken in about 100 deep narrow-diameter 
bore-holes drilled in prospecting for gold, with specially designed equipment for 
the location of uraniferous conglomerates in the Witwatersrand system. The re- 
sults (Simpson and Bouwer, 1950; Simpson, 1951; Simpson, 1952) indicate that 
the uranium was deposited in a cyclic manner and it was possible to correlate the 
various uraniferous horizons in widely separated areas. 


GEOPHYSICAL SURVEYS FOR ENGINEERING STUDIES 


Resistivity surveys of possible sites for bridges and dams have yielded valua- 
ble results, especially where the bedrock is igneous, in which case it has been 
possible to prepare contour maps showing the depths of alluvium or weathered 
rock. 

Gough (1952) designed a new type of seismic instrument for shallow refraction 
surveys. A sledge-hammer is used as the source of seismic energy, and contacts 
down to depths of 100 feet can be determined. This instrument is useful in areas 
where results cannot be obtained by resistivity surveys either because of excessive 
lateral effects or because of the absence of a resistivity contrast at the bedrock 
surface. 

The collapse of the surface as sinkholes in dolomite areas (Enslin, 1951) has 
caused damage to buildings, reservoirs and main roads, especially south of 
Pretoria. Extensive magnetic, resistivity, electromagnetic, and gravitational 
surveys have been carried out for delineating the danger zones for sinkholes. 
Large inliers of Karroo sediments in the dolomite, which are considered safe from 
sinkhole-type erosion have been located by their basin-shaped negative gravity 
anomalies. The runways of the Waterkloof air station have been built on one of 
these inliers. Sinkholes are often aligned along major fault planes in the dolomite. 


gI0 

1 

] 
id 

S 

Si 
Si 
bs 

Sit 
: 


SOME APPLICATIONS OF GEOPHYSICAL PROSPECTING gII 


Because of the homogeneous nature of the dolomite it is very difficult to trace 
such fault planes from surface geological indications. Some success has been 
achieved in locating and following a number of such fault planes by the Hr-elec- 
tromagnetic method. 
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THE APPLICATION OF A THREE-ELEMENT MODEL TO THE S.P. 
AND RESISTIVITY PHENOMENA EVINCED BY DIRTY SANDS* 


J. G. McKELVEY, Jr.,¢ P. F. SOUTHWICK,} K. S. SPIEGLER,+{ 
AND M. R. J. WYLLIE 


ABSTRACT 


A simple resistor model consisting of three elements in parallel and representing (a) an element 
of solution and conducting solid particles in series, (b) an element of the solid particles only, and (c) an 
element of solution only, explains satisfactorily the experimental relationship between the conductivi- 
ties of solutions used to saturate synthetic difty sands and the conductivities of the saturated sands. 
The synthetic dirty sands consist of beds of ion-exchange particles. 

The same model is applied to give a theoretical explanation of the potential differences between 
two different solutions when these meet in the interstices of a synthetic dirty sand; excellent agree- 
ment is observed between theory and experiment. It is found that both potentials and resistivities 
depend on the same geometrical parameters. Hence they can be related to each other. The relationship 
is derived between the self-potential deflection and the resistivities of rock and invaded zone. It is 
compared to various formulae proposed by other investigators for interpreting logs in dirty sands. 

Conductivities and potential differences across plugs of “synthetic dirty sands” containing oil 
have been measured. At high oil saturations the potential differences are almost as high as those across 
a solid membrane containing the same ion-exchange resin. 


INTRODUCTION 


In a previous investigation (Wyllie and Southwick, 1954) laboratory experi- 
ments were reported on the electrical conductivity of dirty sands (i.e., sands con- 
taining conductive clays) and on the electrical potentials across them. In these 
experiments natural and “synthetic” dirty sands were used. The latter are mix- 
tures of synthetic ion-exchange resins and glass spheres or even aggregates con- 
sisting only of ion-exchange resins. While such mixtures do not occur in nature, 
they were used as models of the natural sands containing dispersed clays. Because 
of their base-exchange properties, synthetic cation-exchange resins are electro- 
chemically equivalent to natural clays. However, in the “synthetic dirty sands” 
these properties are magnified. Because of their higher exchange capacity and the 
higher mobility of their ions (Schulze, 1914; Spiegler, 1953), the resins enhance 
the effects of the base-exchange and ion-permeability properties of natural clays. 
The resins are therefore well suited for fundamental electrochemical studies of 
shales and dirty sands. In applying the results of these studies to natural forma- 
tions, the mechanical dissimilarity of the synthetic and natural dirty sands must 
be kept in mind as much as their electrochemical similarity. 

It was found that the electrical conductance of plugs composed of ion- 
exchange resins saturated with solutions can be represented by a simple model. 
This model consists of three resistor elements in parallel, representing (a) an 
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element made up of solution and particle conductances in series, (b) an element of 
particles only, and (c) an element of solution only. By analyzing the variation of 
the total resistivity (specific resistance) of the plug with the resistivity of the 
solution saturating it, one can calculate the relative contribution of each of these 
three elements (Wyllie and Southwick, 1954; Sauer et al., in press). It is believed 
that this model is generally valid for porous plugs containing solid ionic conduc- 
tors. In the present paper is it shown how this same model can be applied to the 
quantitative interpretation of potentials across conductive porous plugs separat- 
ing solutions of different concentration. The influence of oil or other non-conduct- 
ing liquids is discussed and some experiments demonstrating this influence are 
reported. ‘ 

THEORY 


Plug Potential Expressed in Conductance Parameters 


Figure 1 represents the model of a conducting porous plug, as described 
previously (Wyllie and Southwick, 1954; Sauer et al., in press), inserted between 


SOLUTION 2 
(oll, X, + =d 
ELEMENT! 2 
B, +Be=1-6 


Y 
U4 


Fic. 1. Simplified model representing conducting porous plug separating two solutions. 


two solutions of sodium chloride of different concentrations. Element 1 consists of 
alternating layers of solid and solution, element 2 of solid only, and element 3 of 
solution. If each of these three elements were existing separately, they would 
cause the following potentials between the two solutions. 

Element 1.—The potential across an element separated by alternating layers 
of membranes and dilute solutions is equal to the membrane potential between 
the terminal solutions (as proved in the Appendix). In other words, it makes no 
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difference how many membranes there are or what kind of concentration distribu- 
tion exists in the solutions between them, as long as the membranes are ideally 
cation permeable. The whole of element 1 acts like an ideal membrane and in 
dilute solutions the potential difference, Ey, (in millivolts) across this membrane 
is therefore given by 


a’ 
Eu = 59.2 log — (at 25°C, for ideal membranes) (z) 
a 


where a’ and a” are the mean activities of sodium chloride in the terminal solu- 
tions. Derivations of equation (1) have been presented by many authors, such as 
Spiegler and Wyllie (in press). A membrane is said to be electrochemically “ideal” 
if its potential approaches that calculated from equation (1). 

Element 2.—This element consists only of solid. It represents a single cation- 
permeable membrane and in dilute solutions, therefore, the potential Ey across 
it is given by equation (1) also. 

Element 3.—Since this element consists only of solution, the potential across it 
is the junction potential between the two solutions (often also called the “dif- 
fusion potential”). This potential, Zz, is given by (Spiegler and Wyllie, in press) 

a’ a’ 
Ey = 59.2(2t+ — 1) log —- = — 12 log —~ (at 25°C). (2) 
a a 


where ¢+ is the average transference number of the sodium ions. 

Since for sodium chloride /+2o.4, the potential difference across element 3 
has a sign opposite to that across elements 1 and 2. 

These are the potentials which would arise if only one of the respective ele- 
ments were present to the exclusion of the others. The actual “plug potential” 
between solutions 1 and 2 is a composite of the membrane potential caused by 
elements 1 and 2 and the junction potential caused by element 3. One may con- 
sider the plug as a “leaky” membrane with (a) elements 1 and 2 as the intact 
portion causing a potential with solution 1 electrically positive with respect to 
solution 2, and (b) element 3 as the “‘leak.’’ If the solute is sodium chloride, the 
junction potential of element 3 counteracts the membrane potential and tends to 
make solution 1 negative with respect to solution 2. 

This circuit is schematically represented in Figure 2. By Kirchhoff’s laws the 
total observed potential E can be expressed as follows: 


Ki t+ Ke K3 
E= Ey Ey 
Ki+ Ki + Ke+ Ks 
= fuEmu + frEs = fuEm + (1 — fu)Es (3) 


where Ki, Ko, and K; are the respective contributions of the three elements to 
the total conductivity of the plug (mho-cm~"). fi and f; are the fractipns of the 
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plug conductance due to the membrane (1 and 2) and solution elements re- 
spectively.! 

It is seen that the contribution of the membrane and junction potentials to 
the total potential depends, in a simple fashion, on the conductances of the ele- 
ments of the resistor. When the solution concentrations are high, the conductance 
of element 3 is relatively high and the magnitude of the plug potential is close to 
that of the junction potential between the two salt solutions. The porous plug 
then acts as a clean sand. On the other hand, when the conductivity of the solu- 
tions is low, the ion current flows mainly through elements 1 and 2 and the 
porous plug acts in this case as an ideal membrane. 


m 


Fic. 2. Potentials and resistors representing an ion-conductive 
porous plug separating two salt solutions. 


The factors fy and fy may be calculated from the geometrical parameters a, 
b, c, and d of the plug (Figure 1), the conductivity (specific conductance) of the 
solid, Kr, and the average conductivity of the solutions, K,. The expressions 
follow directly from Ohm’s law and they have been derived and discussed by 
Wyllie and Southwick (1954) and by Sauer et al. (in press).? The resulting ex- 
pressions are as follows: 


1 Equation (3) can also be derived by a standard thermodynamic reasoning. In a hypothetical 
experiment two reversible electrodes are inserted in the two solutions. One Faraday is allowed to pass 
from one solution to the other under reversible conditions. It is asked what fraction of the current 
passes through each of the elements of the model (Fig. 1) and what results are produced by the passage 
of the current. The total decrease of the free energy of the system is then set equal to the electrical 
work. 

2 The parameters x, y,z,and F used by Wyllie and Southwick are related to a, b,c, and d in the 
following manner: 


d I 
a 
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aKrKy 
Kz = (5) 
K; = cKy = * (6) 
F 


where F is the true formation factor which would prevail if all conductive par- 
ticles were replaced by identical non-conducting ones. 

The formulae as originally derived refer to plugs saturated entirely with one 
solution of specific conductance K,,. If the plug separates two solutions of different 
concentrations, a suitable average conductivity, Kw, is substituted in the equa- 


1CM 
| OLUTION 2 
0.5CM. RESISTANCE Ril= 
SPEC. COND.kK'!! 2K 
SOLUTION | 
| 
0.5CM. FRESISTANCE R!= 


TOTAL RESISTANCE =R!+R!'= 4 
2K 


2K! «il 


TOTAL CONDUCTANCE = 


Fic. 3. Calculation of “average specific conductance” of the solutions saturating the plug. 


tions. The type of average depends on the concentration distribution across the 
plug. As an approximation it is here assumed that the upper half of the plug is 
saturated entirely with one solution and the lower half with the other, as showr 
in Figure 3. The average conductivity, Ku, is 

2K'K"” 

where K’ and K” are the conductivities of the respective solutions. 

It is important that a, b, c, and d and Ke can be determined from the variation 
of the specific conductance, Ko, of the plug as the specific conductance, Kw, of the 
solution varies. Wyllie and Southwick (1954) deal with this question in detail, 
as do Sauer et al. (in press). Once these parameters are known, fy can be calcu- 
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lated from the formula 
Ki + Ke 
M Ki 


aKrKy aKrKw 
K — 8 
— d)Kr+dKu | / — d)Kr+dKy | (8) 


and substituted in equation (3) for the calculation of the plug potential E. In 


(1) SP=Ey-Ey 


SAND 


(2) 


UM 


SHAL' 
SAND 


Fic. 4. Schematic diagram of potentials: (1) in a clean sand, (2) in a shaly sand. 
Arrows point from positive to negative. 


other words, it is thus possible to calculate the potential across an ion-conducting 
plug from conductance data. It is shown in the experimental section that labora- 
tory measurements of potentials across plugs of ion-exchange resins are indeed in 
agreement with those calculated by combining equations (3) and (8) when the 
conductance data of the same resins are used. 

Equation (1) holds strictly only when the solution concentrations are low and 
the resin particles, therefore, act as ideal membranes. Otherwise, the Ey values 
to be used in equation (3) are lower than those calculated from equation (1). For 
certain ion-exchange resin materials, the correction based on the departure from 
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electrochemically ideal behavior has been reported by Winger et al. (1953). It is 
believed that in time the corresponding corrections for conductive clays will also 
be measured. Some information on this subject is already available from work by 
Marshall (1949) on potentials across clay membranes. Marshall found that clay 
membranes, like ion-exchange resins, may be considered as relatively ‘‘ideal” 
from an electrochemical standpoint. 

The relation between the plug potential, EZ, described here and the self- 
potential deflection, S.P., measured in well logging is shown schematically in 


Figure 4. 
Oil-Bearing Sands 


If oil is present, both plug potential and conductance depend on the oil satura- 
tion. The presence of oil enhances the relative importance of elements 1 and 2 of 


CONNATE WATER 


SOLUTION 


SOLID 


OIL 


MUD FILTRATE 


Fic. 5. Simplified model representing oil-bearing shaly sand. 


the resistor model because the conductance of the solution element 3 is greatly 
reduced. Hence with increasing oil saturation the potential difference across the 
dirty sand becomes more similar to that across a shale and the S.P. deflection 
decreases. This situation is illustrated in Figure 5. 

The quantitative theory of potentials across oil-containing plugs, as repre- 
sented in Figure 5, has been developed but is not reported here. In these com- 
putations the K, terms are replaced by terms K,,/J. I is a resisitivity index 
which is, in general, different in the sclution sections in element 1 and in element 
3. At high oil saturations one expects almost complete loss of conductivity in 
element 3. The current is then carried almost entirely by elements 1 and 2. It 


| RSS 
| 
| 


920 McKELVEY, SOUTHWICK, SPIEGLER, AND WYLLIE 


was indeed found that the potential difference across the ion-exchange resin plug 
approaches the potential difference across a dense membrane of the same material 
if the oil saturation is high. The oil reduces the electrochemical “leaks” in the 
porous plug. Experimental work is still in progress on the influence of the oil 
saturation upon potentials and conductivities in conducting plugs. 
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Fic. 6. Schematic diagram of apparatus for conductance and potential measurements of porous 
plugs. A-G. Lucite column sections; H, I. Platinum electrodes; J. Solution reservoir; K. Pump; 
L. Oil reservoir; M, N. Calomel electrodes. 


EXPERIMENTAL 


In these experiments a column was filled with a cation-exchange resin 
saturated with a solution and, in some cases, with oil also. A solution of dif- 
ferent concentration was then passed into the column in the upward direction. 
As long as the front between the two solutions was in the resin column, a potential 
difference could be measured between calomel electrodes in the two solutions. 
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Determination of these potential differences and the conductance of the column 
at various stages of the operation was the object of this study. 

The apparatus for the measurement of conductances and potentials in porous 
plugs saturated only with aqueous solutions has already been described (Wyllie 
and Southwick, 1954). 

The apparatus used for the experiments with “synthetic ozl-bearing dirty 
sands” is a modification of the previous equipment. It is shown schematically in 
Figure 6. It consists of seven “Lucite” sections A—G, of outer diameter 2 inches and 
inner diameter 1} inches. These sections are equipped with threads and screwed 
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Fic. 7. Potentials between two sodium chloride solutions separated by a “synthetic 
oil-saturated shaly sand.” Activity ratio, 1:3. 


together, thus forming a continuous column. Sections B—F were filled with the 
cation-exchange resin ““Amberlite IR-120,’ an electrochemical analogue of a 
very dirty sand. The total length of the resin column was 55 cm. The resin was 
held between a perforated platinum electrode H at the bottom and a platinum 
mesh electrode J at the top. Each of the sections C, D, and E contains one pair of 
probe electrodes consisting of platinum wires (1 mm diameter) strung across the 
column. 

The experiments involved the following operations. 

(a). The resin was first saturated with a sodium chloride solution. This solu- 
tion was pumped through the column from a reservoir J by means of a “‘Zenith” 


3 Product of the Rohm & Haas Company, Philadelphia, Pennsylvania. 
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metering gear pump, K. In this operation care was taken to avoid the introduc- 
tion of air bubbles into the column. The conductance of the resin sections C, D, 
and E was then measured by passing a current of 0.01 amp (60 cps) through the 
terminal electrodes H and J and measuring the potential difference across the 
probe electrodes in each of the sections. The cell constants of these sections had 
been determined by calibration with 0.01-, 0.1-, and 1-N potassium chloride solu- 
tions. The maximum differences between these calibrations were less than one 
percent. 

(b). After these conductance measurements, oil was introduced into the 
column from the reservoir ZL. The oil used was “Gulf Mechanism Oil A.” Suf- 
ficient bromoform had been added to it to adjust the density to a value between 
that of the sodium chloride solution used previously and the more concentrated 
solution used in the next step. The oil was compressed into the column by air 
under a pressure of about 6 inches of mercury. The oil replaced the major portion 
of the interstitial solution in the column, leaving only a few percent of residual 
solution adhering to the resin particles. The conductance of the sections decreased. 
The passage of oil was continued until the conductance reached a constant level. 
The plug was now considered to be “‘oil-saturated.” 

(c). A new sodium chloride solution, with activity threefold the previous 
one, was now passed through the column from reservoir J through pump K. The 
potential difference between two ‘“‘Beckman” calomel electrodes M and N was 
measured during the passage of this solution. The measuring instrument was a 
Leeds and Northrup potentiometer with a sensitive galvanometer. The accuracy 
of the potential measurements was o.1 mv. As the solution front moved through 
the column, the potential difference reached a constant value and then dropped 
abruptly. This is shown in Figure 7. During the potential measurement proper the 
flow of solution was stopped. The plateau value was taken as the plug potential. 
Correction was made for the assymetry of the salt bridge potentials of the calomel 
electrodes. The conductance of sections C, D, and E was again measured im- 
mediately after the drop of the potential occurred. 

(d). The column was now flushed with the salt solution until the conductance 
in each of the sections reached a constant value. 

The column was again saturated with oil, as described under (b), and opera- 
tions (c) and (d) were then repeated with a sodium chloride solution of threefold 
activity. Altogether five sodium chloride solutions were used: The most concen- 
trated one was 4.77 molal (278.8 g NaCl per 1000 g water). The activity of this 
solution was 4.05. 


‘ The salt bridge junction potential was calculated from Henderson’s formula assuming that the 
mobilities of K+ and Cl- are equal (Spiegler and Wyllie, in press). It should be noted that Henderson’s 
formula is strictly applicable only to very dilute solutions and the correction is therefore not very 
accurate. The correction increases with the solution concentration and the largest correction applied 
was 1.6 mv. 
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RESULTS 


Plug Potentials in the Absence of Oil 


Figure 8 represents the potentials measured between two aqueous sodium 
chloride solutions separated by a plug of ‘‘Amberlite IR-120.” The particle size 
of the resin used in these experiments was between 14 and 16 mesh U. S. Standard 
Screen Series.5 The ratio of the mean activities of the solutions was 1:2. These 
values have already been reported (Wyllie and Southwick, 1954) but are replotted 
here in terms of the plug potential, E versus the average activity, @ of the solu- 
tions for the sake of comparison with the theory. 

The circles represent the measured potentials (corrected for the estimated dif- 
ference of the junction potentials of the calomel electrodes). The solid line is 
calculated from the theory (equations (3) and (8)). The various parameters in 
these equations were determined by mathematical analysis of the conductance 
data as described in detail by Wyllie and Southwick (1954). The values of the 
parameters for this plug are as follows: 

Kr=o0.019 mho-cm— 
a=0.67 
b=0.013 
C=0.317 
d=0.865. 


The values of Ey, the potentials of a pure resin membrane between the 
various pairs of solutions, were measured for an ““Amberplex C-1’ membrane. 
They are also shown in Figure 8. 

It is seen that the ion-exchange membrane, as well as the porous plug of the 
ion-exchange resin, deviates from the ‘‘ideal potential.”’ In the resin membrane, 
this is due primarily to the “Donnan effect,” whereas in the plug, additional 
electrical ‘‘leaks’’ occur because of conduction through the interstitial solution. 
These ‘‘leaks” decrease the plug potential. The lower limit for this potential is 
the junction potential, Ey, which should be asymptotically approached at very 
high solution concentrations. In view of the many simplifying assumptions made 
in the development of the theory, the agreement between theory and experiments 
is considered satisfactory. 


Plug Potentials in the Presence of Oil 


Figure 9 shows the potential differences between two calomel electrodes in 
contact with the two sodium chloride solutions at the top and the bottom of the 
resin column. The potentials are plotted against the average activity of the 
solutions and corrected for the difference of the junction potentials of the calomel 


5 In Wyllie and Southwick (1954) the particle size is erroneously listed as 40-50 mesh. 
6 Product of the Rohm & Haas Company, Philadelphia, Pennsylvania. This membrane contains 
an ion-exchange resin similar to “Amberlite IR-120” and inert plastic binder (Winger et al., 1953). 
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Fic. 8. Potentials across a plug of “Amberlite IR-120” resin. Solution is 
sodium chloride. Activity ratio is 1:2. Temperature is 25°C. 


es POTENTIAL 


24 


—@—"AMBERPLEX C-!" MEMBRANE N 
——O—"AMBERLITE IR-!20" PLUG 


POTENTIAL E(MV.) 


Ql 1.0 10.0 
AVERAGE ACTIVITY OF THE SOLUTIONS —> 


Fic. 9. Potentials across oil-saturated plug of “Amberlite IR-120” resin. Solution is 
sodium chloride. Activity ratio is 1:3. Temperature is 25°C. 
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electrodes. The resin was originally saturated with the more dilute solution and 
then oil-saturated. The resin used in these experiments was ground to a size of 
40-50 mesh, U. S. Standard Screen (dry-sieved). The particle size was therefore 
much smaller than in the experiments reported at the beginning of this section. 
For comparison, the potentials across ‘‘Amberplex C-1” are also shown in 
Figure 9. It is seen that the potentials measured across the oil-bearing ion- 
exchange resin plug are only slightly less than those measured across the solid- 
resin membrane “‘Amberplex C-1.” The latter consists of finely powdered resin 
and an inert plastic binder and has no interstices for the solution. The oil in the 
interstices of the plug therefore acts electrochemically like the plastic in the 
membrane. The presence of the oil thus enhances the “‘dirtiness” of the bed. 
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Fic. 10. Specific conductance of a plug of “Amberlite IR-120” resin 
containing solution of common salt and oil. 


These experiments describe the extreme case of potentials across a very dirty 
“synthetic sand” at high oil saturation. Additional experiments are planned on 
potentials at lower oil saturation. 

Figure 10 shows the conductivity of the porous plug under various conditions. 
The plug conductivity is plotted against the conductivity of the interstitial solu- 
tion in the presence of oil. The values plotted here represent the average of the 
conductivities measured in sections C, D, and E. These values varied within 
limits of not more than two percent. 

The lowest curve describes the conductivity of the plug when “oil-saturated.”’ 
In this case, a film of solution still adheres to the resin particles. This film, to- 
gether with the solid, provides a conductive path and thus accounts for the elec- 
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trical conductance of the plug. When another solution is forced into the column, 
displacement of the oil occurs. The front between the incoming concentrated solu- 
tion, on the one hand, and the oil and dilute solution, on the other, is not a sharp 
one. The middle curve in Figure 9 represents the conductivities measured just 
after the potential between the calomel electrodes has dropped to zero (Figure 
7). This was taken as an indication that the more dilute solution had been com- 
pletely removed from the column. Additional flushing with the more concen- 
trated solution removed more oil from the column and caused an increase of 
conductivity. Finally, a constant conductivity value was reached, although a 
certain amount of residual oil still remained in the column. The upper curve in 
Figure 9 represents the final constant conductivity values plotted for different 
concentrations of the displacement solution. 

It is seen that the two upper curves are almost straight lines. Some curvature, 
concave with respect to the abscissa, is observed for the lower concentration in 
the lowest curve. When the curves are extrapolated towards low concentrations, 
a positive intercept on the ordinate is obtained. This shape of the conductance 
curves is characteristic of conductive plugs; for plugs containing no oil, the char- 
acteristics of the curves have been discussed in detail by Wyllie and Southwick 
(1954) and Sauer et al. (in press). 


DISCUSSION 


In our previous investigations the electrical conductance of porous plugs con- 
sisting of conductive solids and solutions was found to conform to a resistor 
model, as shown in Figure 1. In an earlier section of this paper, this theory was 
extended to potentials across such plugs. The potentials measured in the absence 
of oil were compared with those derived from theory and fair agreement was 
found (Figure 8). It is therefore believed that this model explains the electrical 
resistance of conductive plugs and the potential differences across them. Since 
the potential and conductance data are related to the same geometrical parame- 
ters, they are also related to each other. Their relation will be derived in this 
section. 

It should be kept in mind that the laboratory experiments were carried out 
with relatively coarse ion-exchange resins rather than the porous dirty sands 
found in nature. However, since the model is based on purely geometrical con- 
siderations, the theory should also hold for natural dirty sands; the numerical 
values of the geometrical parameters a b,c, and d are probably different for them. 
The numerous recent publications on log interpretation in natural dirty sands 
are not reviewed here. A bibliography may be found in an important recent 
paper on this subject by Poupon, Loy, and Tixier (1954). 

From equations (4), (5), and (6) we obtain for the total plug conductivity, 

aKrKy 


= (9) 
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This is equation (11) of the paper by Wyllie and Southwick (1954), with x, 
y, and z substituted in terms of the geometrical parameters a, b, and d, and the 
solution conductivity, Kw, replaced by the average solution conductivity, Kw. 

In natural shaly sands (1—d)Ke is often much smaller than dK,. In other 
words, the resistivity of the solid component determines the total resistance of 
resistor element 1 in Figure 1. Thus equation (9) reduces to the approximate form 


($40) ket (10) 

d F F 

or | 
Ro d Rr F FRy 


where Ro, Rr, and R,, are the resistivities (specific resistances) of the plug (shaly 
sand) and the solid (conducting clay) respectively. R,, is the average resistivity 
of two solutions in series (Figure 3). A is defined as 


A= (<= + 6) Ke, (12) 


Inasmuch as Rpg is independent of the solution concentration, equations (10) 
and (11) are in agreement with the earlier equation of Patnode and Wyllie (1950). 
The latter states that the conductivity of a shaly sand is equal to the conductivity 
of an equivalent clean sand (K,/F) plus a constant term. This term is now 
identified as [(a/d)+6]Kr. 

With the same simplifying assumptions which led to equation (10) we obtain 
an expression for fy from equation (8): 


Ki+ Ke A 
iu = = 
Ko A + (Kw/ F ) 
This expression is now used for the calculation of the self potential deflection 


S.P. The latter is equal to the membrane potential (characteristic of the shale 
baseline) minus the potential, Z, developed in the sand:? 


S.P. = Ey — E. (14) 


Kw > Kr. (13) 


In this equation, Ey represents the ideal membrane potential since shale layers 
seem to act like ideal membranes. Substituting fy from equation (13) in equation 
(3) and combining with equation (14), we obtain 


7 The junction potential E developed in a clean sand between mud filtrate and connate water of 
higher concentration is to be taken negative. The potential, EZ, in a very dirty sand is positive; the 
higher the shale percentage in the sand the closer is the value of E to Ey and the lower is the self- 
potential deflection, S.P. (Fig. 4). 
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(Ko/F) 
A + (Kw/F) 


It is common practice to substitute the conductivity ratio for the activity 
ratio in equations (1) and (2). In this case we obtain: 


(16) 
I 


(15) 


S.P. = (Eu — Ez) 


S.P.=7 


where R,,z and R, are the resistivities of mud filtrate and connate water respec- 
tively. 

Rng and R, are now expressed in terms of the resistivities Rxo and Ro of the 
invaded zone and of the formation, respectively, since these latter may be read 
from the resistivity logs. We apply equation (11) to the invaded zone and the 
formation: 


(17) 


(18) 


Substituting the values of Rny and R, from equations (17) and (18) in equa- 
tion (16), we obtain for the S.P. in a dirty sand: 


I Rxo(1 — ARo) 


I = Oo at 25°C.). I 


S.P. = 7 


In this case R, is the appropriate average of the resistivities of mud filtrate 


and connate water.® 

It is customary to plot Rxo/ Ro asa function of S.P. on semilog paper (Poupon, 
Loy, and Tixier, 1954). If the formation studied is a clean sand, a straight line is 
obtained, since for clean sands the following relationship holds (Wyllie, 1954): 


Rxo 
S.P. = 71 log = fat e¢°C.). (20) 
0 


8 In the derivation of the fundamental equations, it has been_assumed that a sharp boundary 
exists between the two solutions (Fig. 3) and that the resistivity R, is the arithmetic mean of the 
resistivities of the two solutions. In reality, the situation is considerably more.complex. If the con- 
centrations of the two solutions are not very different, the arithmetic mean represents a good ap- 
proximation. This is proved by the results shown in Figure 8. The activity ratio of the two solutions 
on the two sides of the membrane was 2 in these experiments. For large concentration ratios another 
type of average such as the logarithmic average may yield better agreement with the theory. This 
question is still under investigation and it is to be understood that the range of applicability of 
equation (19) is limited to relatively small concentration differences if Ry is taken as the arithmetic 
mean of the resistivities of the solutions. 
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Comparison of equations (19) and (20) shows how the presence of shale in 
the sand modifies the relationship between the S.P. and the resistivities. For a 
dirty water sand the factor before the logarithmic term is smaller than for a 
clean water sand. On the other hand, the logarithmic term is Jarger for the dirty 
than for the clean sand. It is possible that these two factors will often approxi- 
mately counterbalance each other. This would explain the finding (equation (1) 
of Poupon, Loy, and Tixier, 1954) that equation (20) applies approximately to 
shaly as well as to clean sands. 

It is also of interest to compare the conductance equation (11) with an equa- 
tion of de Witte (1950) for dirty sands: 


I q I—q 
(21) 
Ro Rr Ry 
where g is the proportion of the porosity occupied by the conductive solids. If 
the numerical values of a, c, and d are substituted in equation (11) we obtain: 


I 0.78 0.32 
_—= + : (22) 


Ro Re Rw 
for the plug described by Wyllie and Southwick, 1954, and 


I 0.66 0.35 (23) 
2 


for the plug described by Sauer et al. (in press). 


The resins in the two plugs were of different particle size. 

Since the volume fraction of the resin was roughly 60 to 65 percent, it is seen 
that the de Witte formula yields approximately the correct conductance (within 
the range of applicability of equation (11); i.e., when K,>Kr). This is of interest 
since the formula was based on the analogy between a homogeneous mixture of 
conductive solids and a salt solution, on the one hand, and a mixture of two salt 
solutions, on the other. The particle size of the resins was rather coarse; hence the 
plugs examined were quite different from a homogeneous mixture of two solutions. 
Yet it is seen that the formula approximates the results reasonably well. 

It should be noted that the three-resistor model which served as a basis for 
the preceding considerations represents sands with dispersed conductive clays, 
rather than laminated beds consisting of alternating thin layers of shale and sand. 


SUMMARY OF NOMENCLATURE 


A constant defined in equation (12) 

Activity (mole per liter) 

Geometrical factors as shown in Figure 1 

Plug potential (the potential difference measured between two 
calomel electrodes in the two solution at opposite ends of a porous 


plug) (mv) 
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E; Junction potential (mv) 

Em Membrane potential of a cation-selective membrane (mv) 

F True formation factor 

fr Fraction of the plug conductance due to element 3 (Figure 1) 

fu Fraction of the plug conductance due to elements 1 and 2 (Figure 1) 
I Resistivity index 

Ko Conductivity of the porous plug (mho-cm-') 


K,, Kz, K; Contributions of the elements 1, 2 and 3 of the model to the total con- 
ductivity, respectively (mho 


Kr Conductivity of solid (mho-cm-) 

: a “Average” conductivity of two solutions in series (Figure 3) (mho 

Ky Conductivity of solution (mho-cm™) 

Rung Resistivity of mud filtrate (ohm-cm) 

Ro Resistivity of porous medium (ohm-cm) 

Rr Resistivity of solid (ohm-cm) 

Re Average resistivity of two solutions in series (Figure 3) 

Re Resistivity of solution (ohm-cm) 

Rxo Resistivity of the invaded zone (ohm-cm) 

oP. Self Potential deflection as measured in well logging (mv) 

tt Transference number of the cation in the solution 

tpt Transference numbers of the cation in a membrane 


Primes and double primes refer to the two solutions at the two ends of the 


porous plug or membrane. 
APPENDIX 


The potential Ey (mv) across a cation-selective membrane separating two salt solutions 1 and 2 
is given by: 
Em = 59.2(2tr* — 1) log = (24) 


where a; and a2 are the mean activities of the salt in the two solutions, respectively, and ¢g* is the 
transference number of the cation in the membrane. For a discussion of this equation see, for instance, 


Spiegler and Wyllie, in press. 
Consider a series arrangement of electrodes, membranes and solutions as in the following: 
Calomel | Solution Membrane | Solution | Membrane | 
electrode I I 2 2 te 
Solution | Membrane | Solution | Membrane | Solution | Calomel 
+++ (n—2) (n—2) (n—1) (n—1) n electrode. 


The total potential difference, Eyota: between the calomel electrodes is equal to the algebraic sum 
of the membrane potentials: 


= (Eu), + (Eu), +--+ + (Eu), + (Eu),_, 


= 59.2 — 1) log 1) log 
a2 a3 


+ (2tz(n-2)t — 1) log ~ 2) (25) 
A(n-1) an 
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The quantities + and are the transference numbers of the cations in the 
first, second + - - , (w—2)th, and (n—1)th membrane. In general, these transference numbers depend 
on the concentrations of the solutions in contact with the membranes because some of the salt in the 
solution penetrates into the membrane (“Donnan effect”). The total potential difference between the 
calomel electrodes depends therefore on the concentration distribution between the membranes. 

However, if the membranes are all ideal (i.e., if the “Donnan effect” is negligible) tg+=1 for all 
membranes and equation (25) reduces to: 


Exctal = 59.2 [ (108 + log log log ] = 59.2 log = 
ae a3 @(n-1) An An 


The total potential difference between the calomel electrodes depends then only on the activities 
of the terminal solutions, 1 and n, respectively and not on those in the middle compartments. The 
whole stack of membranes acts, therefore, like a single cation-selective ideal membrane (equation (1)). 
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NON-TECHNICAL PAPERS 


GEOPHYSICAL ACCIDENT FACTS—1954* 
BART W. SORGE} 


ABSTRACT 


The safety performance of the geophysical industry did not improve during 1954 as expected. In 
addition, the participation of geophysical operators in the common endeavor to further safety and 
accident prevention did not increase. These facts represent a serious challenge to the SEG Standing 
Committee on Safety. Ways and means must be found to secure increased participation of geophysical 
operators to insure industry-wide improvement in safety and accident prevention. Safety efforts 
result in substantial financial savings due to decreased insurance costs and equipment maintenance 
expenses. 


INTRODUCTION 


The SEG Committee on Safety has just concluded four years of intensive ef- 
fort to interest geophysical operators to join in a common endeavor to improve 
safety and accident-prevention standards to an acceptable level. This effort on 
the part of the committee has been both a success and a failure. 

It has been a success because the committee has been able to interest many 
organizations in paying more attention to safety and making a greater effort 
to provide safer working conditions on geophysical field parties. This has resulted 
in an improved safety record when compared with that of prior years. Among 
the companies participating in the effort the improvement was so considerable 
that the Society of Exploration Geophysicists received an ‘“‘Association Safety 
Award” from The National Safety Council during the year 1954. 

The committee’s efforts have also been somewhat of a failure due to the fact 
that even after four years it has not been possible to interest more than one- 
third of the geophysical organizations to participate in the common effort. Diffi- 
culties have also been encountered in sustaining the interest of some of those 
participating. As a result, the safety statistics gathered during 1954 by the com- 
mittee, The National Safety Council, and the American Petroleum Institute 
show that the industry’s safety performance dropped back to what it was during 
1952 instead of showing further improvement as was expected. 


THE RESPONSIBILITY FOR SAFETY 


There is no denying that safety and accident prevention efforts on geophysi- 
cal field parties are the responsibility of geophysicists. As pointed out in a previ- 


* Presented at the Gulf Coast Regional Meeting, San Antonio, Texas, May 26, 1955. Manuscript 
received by the Editor July 5, 1955. 
{ United Geophysical Corporation, Pasadena, California. Member, Committee on Safety, SEG. 
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ous paper (Sorge, 1954), geophysicists represent management on geophysical 
field parties and are responsible for the conduct of the survey work done. They 
control work procedures and working conditions which are either safe or unsafe, 
depending on the interest on the part of those responsible. 

The SEG is the sole organization to which the majority of exploration geo- 
physicists belong and, therefore, it is logical that one of its committees should 
further the solution of safety problems in the industry. 

To provide safe working conditions for employees is not only a moral re- 
sponsibility but is also an obligation that we owe to management. A well-func- 
tioning safety program results in a material increase of profits from operations. 
An often used formula states that any ten percent decrease in the occurrence of 
accidents results in a direct saving of at least $1,500 per one hundred employees. 
This means that savings in excess of a million and a half dollars have resulted in 
the geophysical industry due to the improvement in safety performance since 


1951. 
THE SAFETY RECORD 


The safety record of the industry from 1951 to the present is shown in Table r. 
The accident frequency is the number of accidents per million man hours which 
resulted in lost time (beyond the day on which the injury occurred) and the 
severity is the number of days lost as a result of such accidents per one thousand 
man hours worked. These definitions of frequency and severity are used univer- 
sally throughout industry in judging safety performance. 

When evaluating the information as given in Table 1, it is well to keep in 
mind that it represents an average of only one-third of the total number of geo- 
physical organizations. It is reasonable to assume that the other two-thirds of 
the operators, who do not report their safety experience, do not enjoy any better 
safety record than that shown. Extremely large variations in performance exist 
in these averages. For larger geophysical operators, the accident frequency varied 
between 85.4 and 0.61, and in the case of the smaller operators (those with less 


TABLE I 
SAFETY RECORD BY INDUSTRY 


Frequency 1951 1952 1953 1954 
All Industry 9.06 8.40 7.44 N.A. 
Petroleum Industry 10.50 9.67 9.00 7.97 
Exploration Section 23.33 14.18 12.40 12.79 
Contract Geophysical 53-50 27.80 21.50 26.80 
Severity | IQ51 1952 1953 1954 
All Industry -97 .88 83 N.A. 
Petroleum Industry 1.29 1.04 1.08 -79 
Exploration Section 1.486 I.00 -67 


Contract Geophysical 2.106 1.54 
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TABLE 2 
TYPES OF VEHICLES INVOLVED IN ACCIDENTS 


1952 1953 1954 


Number of Per Cent Number of Per Cent Number of Per Cent 
Accidents _ of Total Accidents of Total Accidents _ of Total 


Not Specified 57 23% 31 14% 62 26% 
Cars 53 22% 71 33% 89 37% 
Pickups (Survey) 54 22% 36 17% 9 4% 
Water Trucks 32 13% 25 12% 25 10% 
Drills 22 9% 20 9% 24 10% 
Recording Trucks 15 6% 14 71% 14 6% 
Shooting Trucks 13 5% 18 8% 17 71% 
Total 246 100% 215 100% 240 100% 


than 100,000 man hours per year) the variation is even greater, namely between 
175 and zero. 


THE GEOPHYSICAL ACCIDENT INFORMATION EXCHANGE 


The Geophysical Accident Information Exchange provides useful information 
to all its participants as to the types of accidents, accident causes, and distribu- 
tion of accidents among the work force. This information for previous years was 
published in an earlier report (Sorge, 1954, p. 533-538). 


Vehicular Accidents 


Table 2 shows the types of vehicles involved in accidents, as well as the total 
number. It can be noted that the percentage of accidents involving cars has in- 
creased from year to year. This is apparently due to an increase in the number of 
prospects that are being worked long distances away from operating bases, so 
that more personnel transportation vehicles must be used. 

The problem becomes still more critical when one considers the information 


TABLE 3 
CAUSES OF VEHICULAR ACCIDENTS 


Type of Accident 1951* 1952 1953 1954 
Excessive Speed 30% 21% 22% 23% 
Backing 21% 19% 14% 12% 
Intersection 13% 12% 9% 10% 
Equipment Failure 6% 71% 5% 8% 
Passing 4% 21% 17% 10% 
Explosives 2% o% o% 
Collision or Upset 13% 12% 
Miscellaneous 18% 14% 13% 25% 
Total Number of Accidents 132 246 215 240 


* 7 months. 
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given in Table 3, which indicates that excessive speed is still far in the lead as a 
cause for vehicular accidents. It will require considerable effort, particularly in 
education of drivers, to reduce losses resulting from vehicle operations. 

Among the many reports submitted to the Geophysical Accident Information 
Exchange, an unusually large number report collisions between vehicles and 
cattle, and some between vehicles and children. Many of these accidents could 
have been avoided by slower driving speeds. Fortunately, the three children 
involved in accidents were not seriously hurt; however, most of the cattle had to 


be destroyed. 


Personal Injuries 


Table 4 shows the distribution, as well as the total number, of personal injury 
accidents from 1951 through 1954. It is gratifying to note that the percentage of 
accidents involving drillers and their helpers has continued to decrease during 
1954. From the information shown, it appears that the shooter and his helpers 


TABLE 4 
ACCIDENT RECORD BY OCCUPATION 


Type of Job 1951* 1952 1953 1954 
Drillers 37% 43% 39% 32% 
Recorders 15% 14% 19% 21% 
Surveyors 12% 13% 16% 13% 
Shooters 10% 10% 8% 11% 
Others 26% 20% 18% 23% 
Total Accidents 497 1,086 1,139 986 

* 7 months. 


are less often injured in accidents than any others on a field party. This is further 
substantiated by the information shown in Table 5, which shows the types of 
injuries suffered and, in some cases, the factors that were responsible for the ac- 
cidents. It can be noted that the number of accidents due to the handling of 
dynamite and caps is extremely small, usually being less than one percent in 
each of the years of record. This indicates that where recognized danger exists 
and the need for safety is obvious, safe operations result. 

As in previous years, hand injuries continue to lead all others. Similarly, 
strains and sprains and eye injuries continue respectively in second and third 
place. In fact, these three types of injuries account for over half of all that occur. 
It appears, therefore, that anyone making a serious effort to reduce accidents will 
achieve best results by concentrating his effort on the avoidance of these injuries. 

Considering all of the information in Table 5, it becomes apparent that there 
is @ monotonous repetition from year to year in the distribution of types of 
accidents. It will be one of the prime endeavors of the SEG Committee on Safety 
to try to improve this situation during the coming year. 
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TABLE 5 
OccURRENCE OF DIFFERENT TYPES OF PERSONAL INJURIES 


1951* 1952 1953 1954 
Total Injuries 497—100% 1,086—100% = 1,139—100% 986—100% 
Lost Time Injuries 153— 31% 371— 34% 325— 35% 275— 28% 
Hand Injuries 21% 25% 27% 25% 
Strains & Sprains 14% 17% 15% 20% 
Eye Injuries 9% 10% 12% 11% 
Collision or Upset 8% 2% 1% 3% 
Falls 71% 5% 6% 8% 
Moving Vehicles 6% 7% 71% 5% 
Sharp Instruments 5% 1% 4% 3% 
Falling Objects 5% 71% 6% 5% 
Dermatitis 5% 4% 4% ° 2% 
Cable & Power Reels 4% 4% 1% 1% 
Infections 3% 2% 1% 2% 
Dynamite & Caps 4% 4% 1], 1% 
Burns 2% 13% 2% 
Miscellaneous 13% 1% 14% 12% 

* 7 months. 


Table 6 shows the relationship between types of injuries for various job 
classifications in terms of number of days lost. The number of days lost for any 
injury is usually indicative of the seriousness of the accident. 

Ignoring a traffic fatality involving a surveyor, the results indicate that drill- 
ers and their helpers not only have the largest number of accidents but also lose 
more time from work than those in any of the other job classifications. 

Strains and sprains cause more lost time than any other type of injury, and 
most of them resulted from improper lifting. Compensation insurance records 
show that these accidents are also the most costly. 

These figures indicate that anyone seriously interested in improving the 
safety performance of a geophysical field party would do well to concentrate on 
drillers and their helpers and on the avoidance of strains and sprains. 


TABLE 6 


NuMBER OF Days Lost IN 1954 BECAUSE OF DIFFERENT TYPES 
OF ACCIDENTS OR INJURIES 


Type of Injury Drillers Recorders Surveyors Shooters Others Total 
Strains & Sprains 262 207 28 121 68 686 
Hand Injuries 330 15 12 5 78 440 
Collision or Upset 204 8 7 24 35 278 
Moving Vehicles 29 134 6,005 88 10 6, 266 
Falling Objects 68 2 42 29 5 146 
Dynamite & Caps ° ° ° 71 ° 71 
Others 452 173 211 71 277 1,184 


Total 1,345 539 6,305 409 473 9,071 
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TABLE 7 
TYPES OF STRAINS REPORTED TO INFORMATION EXCHANGE 


Type of Strains Total Lost Time Days Lost 
Lifting 76 34 301 
Awkward Position 32 II 115 
Falls & Slips 44 19 102 
Pulling or Pushing 14 8 85 
Others 31 9 83 
Total 197 81 686 


Improper lifting was responsible for nearly half of the total time lost due to 
strains and sprains; this is shown in Table 7. This has been true for each of the 
years since 1951. 

Details on the causes of hand injuries are shown in Table 8. Moving machin- 
ery, in most cases drilling machinery, is responsible for the largest number of 
days lost. The breaking of tool joints and the handling of drill pipe, both opera- 
tions involving drillers and their helpers, were also responsible for a large number 
of injuries. 

The common pipe wrench continues to be the culprit which, when improperly 
handled, causes many of the injuries. A large number of operators have put into 
use break-out tongs in order to decrease hand injuries, but unfortunately many 
of the field party personnel still prefer to use pipe wrenches, even though they are 
not as safe. It appears that management must insist that pipe wrenches not be 
used unless absolutely necessary. 

A further topic of interest is the relationship between experience and ac- 
cidents. A survey conducted by the Committee on Safety about a year ago re- 
sulted in the conclusion that a new, inexperienced worker is much more likely 
to be hurt than the experienced hand who knows his job. Accordingly, it is 
advantageous for the geophysical operator to pay particular attention to new em- 
ployees and spend time giving them safety training before they go to work. This 
definitely will decrease the number of accidents on a geophysical field party. 


TABLE 8 
Causes OF Hanp INJuRIES REPORTED TO INFORMATION EXCHANGE 


Type of Hand Injuries Total Lost Time Days Lost 
Moving Machinery 21 4 87 
Breaking Tool Joints 48 18 253 
Handling Drill Pipe 18 2 17 
Sharp Instruments 19 3 16 
Moving Vehicles 6 ° ° 
Others 134 13 67 


Total 246 40 440 
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Summary 
To summarize the information contained in the tabulated results of the Geo- 
physical Accident Information Exchange, a conscientious geophysical operator 
who seriously wishes to improve the safety performance of his field parties should 
take the following action: 
1. Give new employees better and more thorough safety training before per- 
mitting them to work. 
2. Concentrate safety effort on drillers and their helpers in order to reduce 
the number of injuries. 
3. Pay particular attention to the proper methods of lifting and to the reduc- 
tion of hand, back, and eye injuries. 
4. Emphasize safe driving of cars through better driver training. 
5. Be persistent in the safety effort. 


SAFETY EFFORTS RESULT IN FINANCIAL SAVINGS 


Safety pays off; it is worthwhile and results in larger profits for management. 
The Safety Committee has been given information which shows by examples that 
safety effort is a profitable effort. 

Company A, prior to safety effort, paid a penalty on its compensation insur- 
ance of $13,000 in 1950. After one year’s extensive effort, instead of paying a 
penalty it received a refund of $9,000. In 1952 this refund increased to $11,700, 
and increased further to $30,200 in 1953. It is expected that the refund for 1954 
will be a similar amount. Therefore, this company, as a result of a serious safety 
effort, was able to save an amount in excess of $100,000 during a four-year period, 
certainly a worth-while addition to profits in any organization. 

Company B in 1950 paid a two-hundred percent surcharge above normal rates 
on its compensation insurance. This surcharge dropped to forty percent in 1951, 
to zero in 1952, and reversed to a credit of thirty-five percent in each of the years 
1953 and 1954. As a result of a five-year safety effort, this company was able to 
save, and add to its earnings, an amount in excess of $200,000, all due to its hav- 
ing instituted an aggressive and active accident prevention program. 

Company C suffered $15,000 damages due to truck accidents in 1952 and at 
the same time incurred 120 lost-time personnel injuries. After two years of inten- 
sive effort, the costs due to truck accidents were reduced to $5,000, and the lost- 
.time personnel injuries were reduced to thirty. It is estimated that this effort 
over a two-year period increased this company’s earnings by about $50,000. 

Company D has enjoyed a good safety record for several years and is presently 
enjoying over a million and a half man hours without a lost-time personnel in- 
jury. This company feels that its safety effort has increased its earnings between 
$30,000 and $40,000 per year due to savings in compensation insurance premiums 
alone. As a useful by-product, much greater savings have been realized on ac- 
count of more careful operation of the trucks and geophysical equipment, result- 
ing in materially lower maintenance costs. 
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CONCLUSION 


| The cooperative safety effort during the last few years has provided the 
information needed for the geophysical industry to attack intelligently the acci- 
dent prevention problem. The major causes of poor safety performance are now 
known and, as a result, successful solution of these problems now depends only 
on the willingness of geophysical operators to apply the needed effort. To make 
really worth-while improvement, an industry-wide effort will be necessary. 

The members of the Standing Committee on Safety of the Society have and 
will always stand ready to aid in every way to achieve the desired goal. It is hoped 
that eventually work on a geophysical field party will be no more dangerous than 
many occupations presently considered to be much safer. 

Only by continued perseverance and determination can the geophysical 
| industry achieve this goal. 
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ANNUAL REPORT OF THE STANDING COMMITTEE ON 
EDUCATION OF THE SOCIETY OF EXPLORATION GEO- 
PHYSICISTS* 


In accordance with the decision of the Council of the Society, the Committee 
circulated another questionnaire to all institutions which had sent affirmative 
replies to previous questionnaires or were known to have introduced geophysical 
courses into their curriculum. The questions covered current courses and enroll- 
ments from the 1954 summer session to the present and degrees from July 1, 
1953 to June 30, 1954. At the request of a number of Society members, questions 
were introduced on current scholarships and fellowships and on fields of employ- 
ment entered by 1954 graduates. The results of the tabulation of replies are 
presented in Tables I-III. A total of 80 institutions had sent affirmative replies. 

The number of undergraduate majors in all fields of geophysics totals 570 and 
the number of graduate majors 467. There are 9 departments with titles embrac- 
ing geophysics and 12 departments restricted to meteorology. A total of 210 
bachelor’s degrees were conferred by 24 institutions and 107 master’s degrees by 
27 institutions in the year July 1, 1953, to June 30, 1954. A total of 26 Ph.D. 
degrees were granted by 11 institutions as follows: 


University of California (Berkeley)........................ I 
Univeusity of (ie Sela)... I 
California Institute of Technology........................ I 
2 
Massachusetts Institute of Technology.................... 5 
Pennsylvania State 4 
3 


* Presented to the Executive Committee of the Society at its meeting in New York, New York, 
March 31, 1955, by Reverend James B. Macelwane, S. J., Chairman of the Education Committee. 
The other members of the Committee are: Perry Byerly, Beno Gutenberg, John C. Hollister, M. 
King Hubbert, Sherwin F. Kelly, D. C. Skeels, and H. W. Straley, III. 
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E=Elementary Course; A= Advanced Undergraduate Course; G= Graduate Course 


TaBLeE III 
Number of Semester or Quarter Courses Actually Taught, Summer, 1954 to Spring, 1955 


Field Covered by Courses 


Alaska, U. of 1A 3G 
Alberta, U. of 1A 1A 
Arizona, U. of 3E 6E 
Arkansas, U. of = 
I 
Brigham Young U. 3A 
3 
Calif., U. of (Berkeley) 1A | 4A 
4 2 
Calif., U. of (Los Angeles) 1A 
1G 2G | 1G| 1G 1G 
Calif., U. of Scripps Inst. of Ocean. 
Calif. Inst. of Tech. 1E 
5G} 1A|1A]1G/1G|1G 1G 1A| 1A 
Southern Calif., U. of 
Carnegie Inst. of Tech. 
Chicago, U. of 
Cincinnati, U. of 
Colorado A & M Coll. 
Colorado Sch. of Mines 5sA/1A 1A/1A/1A 1A 
1G 1G|1G|1G| 2G 1G 
Cornell U. 
Drake U. 
Florida, U. of 
Florida State U. 
Franklin & Marshall Coll. 1E 
Georgia Inst. of Tech. 1E 1E 
1A 2A 1A 
4G 4G 
Georgia, U. of 
Harvard U. 1A 1A 
Houston, U. of 6E 
Illinois, U. of 1E 
Indiana U. 3E 
5A 3A 3G 
6G 
Iowa State Coll. 1E 
Johns Hopkins U. 1E 1E 
Kansas, U. of 1A 
Kansas City, U. of 
Kansas State Coll. 1E| 1A 
Kentucky, U. of 
Lehigh U. 1E 1E | 3A} 4A | 4A 
Southwestern Louisiana Inst. 
Manhattan Coll. 
Marshall Coll. 
Maryland, U. of tAt 
Mass. Inst. of Tech. 1E 1E 1E 1E 
1A 1A 1A 
: 1G 1G 1G 1G 
Michigan, U. of 1E 1A 
Michigan Coll. of M. & T. 1E 3A] 1A/1G 1A 
Michigan State Coll. 5E 
Minnesota, U. of 1E 1E | 1A | 4A | 4A 1A 1E 
Missouri, U. of 
Missouri Sch. of Mines & Metal. 3E | 1E 
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Field Covered by Courses 


3] 
Institution 2-15 § & igk 
Montana Sch. of Mines 1E 
Nebraska, U. of 
New Mexico, U. of 1E 
New Mex. Inst. of M. & T. 3E 
3G 4G 
City Coll. of N. Y. 
New York U. 
1G 
North Carolina, U. of 1E 
North Dakota, U. of 4E 
Northwestern U. 
Ohio State U. 
Ohio Wesleyan U. 
Oklahoma, U. of 3A 1A/ 1A 
Oklahoma A & M Coll. 
Oregon, U. of 
Oregon State Coll. 
Pennsylvania State U. 
1A | 2A 
Pittsburgh, U. of 4E 
Princeton U. 1E 
1A 
1G 
Redlands, U. of 1E 
Rensselaer Poly. Inst. 
Rutgers U. 
Saint Louis U. 
I 
San Jose State Coll. 
Saskatchewan, U. of 
South Carolina, U. of 
Southern Methodist U. 1E 
Tennessee, U. of 
East Tennessee State Coll. 
A&M Coll. of Texas 1E 
1A 
1G 
Texas Christian U. 1k 
Toronto, U. of 2E 
2A 
Tulsa, U. of 1A 1A 
Utah, U. of 1E 4E | 3E | 1E | 3E 
1A 1A| 1A 
Virginia Poly. Inst. 2E 
Washington U. 1A 1G|1G|1G/ 1G 
Washington, U. of 
Wayne U. 
Western Ontario, U. of 1A 
1G 
West Virginia U. 1E H 
Wisconsin, U. of 1E | 


| Other Geophysical Meth- 
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1E 
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1A 2E 
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1E 
1A 1A 1A 


* Problems in Geophysics; Research in Seismology; Research in Geophysics. 
¢ Plus Graduate Research in this Field. 
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DEPARTMENTS 
PATENTS 


O. F. RITZMANN* 


ELECTRICAL PROSPECTING 


U. S. No. 2,708,261. R. R. Thompson. Iss. 5/10/55. App. 12/23/52. Assign. Esso Research and 
Engineering Co. 
Subsurface Areal Electrical Exploration. A method of deep electrical prospecting in which a com- 
mutated d-c is passed between an electrode in the well and an electrode on the surface and the po- 
tentia] differences compared between pairs of electrodes on the surface and colinear with the well 


and equidistantly spaced therefrom. 


U. S. No. 2,711,510. D. J. Tricebock. Iss. 6/21/55. App. 6/21/50. Assign. Radio Corporation of 
America. 
Metal Detector Balance Controls. A circuit for balancing a bridge-type metal detector for amplitude 
and phase by having the two coils connected to the ends of two potentiometers whose respective 
contacts go to ground and the exciting oscillator, and with condensers connected from one end of 


each coil to one of the potentiometer contacts. 
MAGNETIC PROSPECTING 


U.S. No. 2,706,801. W. E. Tolles. Iss. 4/19/55. App. 8/8/44. Assign. U.S.A. 

Magnetic Field Compensation System. A system for compensating an airborne magnetometer by 
using three auxiliary flux-valve elements the cross products of whose outputs are taken, the squares 
of whose outputs are taken, and the derivative of the output of the vertical compensating element is 
also taken, all these quantities being added to the output of the magnetic measuring element. 


U.S. No. 2,707,769. H. B. Shaper. Iss. 5/3/55. App. 11/3/53. Assign. Dyna-Labs Inc. 

Magnetic Field Strength Measuring Devices. A Hall-effect magnetometer using a thin diamond- 
shaped sheet of bismuth connected in an a-c bridge circuit so that a-c is passed between opposite 
corners and the Hall-effect voltage generated across the other corners is balanced by voltage from 


the bridge. 


U.S. No. 2,709,783. D. G. C. Hare. Iss. 5/31/55. App. 4/21/44. Assign. U.S. A. 

Magnetic Incremometer or Gradiometer. A magnetic gradiometer in which two spaced flux-valve 
elements are mounted coaxially in a common tubular housing which is continuously rotated on its 
axis by a motor, the output signal from the flux valves being averaged so as to eliminate errors due to 
lack of parallelism of the elements. 


RADIOACTIVITY PROSPECTING 


U.S. No. 2,712, 088. A. Whitman. Iss. 6/28/55. App. 12/10/52. Assign. Tracerlab, Inc. 


Radiation Counter and Fill Gas. A self-quenching Geiger-Mueller counter having a pair of elec- 
trodes and a gas mixture of helium with a small amount of isobutane and a smaller amount of bu- 


tadiene. 
SEISMIC PROSPECTING 


U.S. No. 2,706,011. J. F. Bayhi. Iss. 4/12/55. App. 7/27/50. Assign. Esso Research and Engineering 
Co. 
Seismic Exploration With Shots Above Ground. An air-shooting array using shots in line with a 
linear detector spread with the shots placed at increasing elevation toward the detectors. 


* Gulf Oil Corporation, Patent Department. 
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U.S. No. 2,706,401. C. P. Spaulding. Iss. 4/19/55. App. 12/9/50. Assign. Consolidated Engineer- 
ing Corp. 

Low Frequency Vibrometer. A seismometer having a mass suspended on two leaf springs which 
make an angle with each other and with the center of gravity of the mass offset from the center of 
support so that translation induces rotary motion of the mass, or having a pair of eccentrically- 
mounted masses arranged for opposing rotation and connected by helical springs. 


U.S. No. 2,706,805. D. H. Clewell. Iss. 4/19/55. App. 2/11/47 and 11/29/49. Assign. Socony- 
Vacuum Oil Co. Inc. 
Eddy Current Seismometer. A seismometer having a metal strip suspended in the air gap of a 
stationary magnet excited with a-c and a pair of stationary coils near the strip connected so that 
emfs from the a-c field are in opposition but the emfs from the eddy-current fields are additive. 


U.S. No. 2,707,524. O. C. Montgomery. Iss. 5/3/55. App. 7/31/50. Assign. Phillips Petroleum Co. 


Seismic Recording System. A system for firing a seismic shot coincident with a heavy timing 
line in which the blasting machine energy is fed to a bridge circuit containing the cap through a gas 
tube which is made conducting by an r-f signal controlled from the recorder by a photocell actuated 
by the timing-line light impulse. 

U.S. No. 2,708,742. W. T. Harris. Iss. 5/17/55. App. 4/22/52. Assign. The Harris Transducer Corp. 

Hydrophone Cable. A hydrophone cable array having a central strain cable with electrical con- 


ductors around it and annular electrostrictive transducers sensitive to radial pressure impulses lo- 
cated at spaced intervals along the cable. 


U.S. No. 2,709,206. H. B. Ferguson. Iss. 5/24/55. App. 1/31/51. Assign. Esso Research and Engi- 
neering Co. 

Constant Time Delay Band-Pass Filter. A seismograph filter having a series of band-pass sections 
of increasing but overlapping frequency and constant time delay for all frequencies within the band 
and adjacent sections having their Q proportional to the peak frequency, the inputs of the sections 
being in parallel with a phase inverter in alternate sections. 


U.S. No. 2,710,070. E. Merten. Iss. 6/7/55. App. 3/26/51. Assign. Shell Development Co. 

Seismic Recording. A method of preparing a seismic profile by making a composite of variable- 
area records and photographing it while moving it a distance required to produce an overlap of a 
desired number of traces. 


U.S. No. 2,710,661. G. M. Webster. Iss. 6/14/55. App. 8/25/51. Assign. Esso Research and Engi- 
neering Co. 


Method of Compositing Seismic Records. A method of mixing variable-density seismograms by 
photographing the original record trace by trace through a longitudinal slit so that each trace of the 
final record is made up of a multiple exposure on adjacent original traces. 


U.S. No. 2,712,124. J. R. Ording. Iss. 6/28/55. App. 3/26/48. Assign. Esso Research’ and Engi- 
neering Co. 


Seismic Exploration Method and Apparatus. A method of seismic exploration using a magneto- 
strictive geophone which is responsive to the pressure in a coupling medium such as water and is 
unresponsive to motion of the geophone. 


WELL LOGGING 


U.S. No. 2,706,406. R. P. Vincent and H. Schaefer. Iss. 4/19/55. App. 9/23/49. Assign. Stanolind 
Oil and Gas Co. 
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Fluid Flowmeter. An impeller-type well flowmeter having caliper arms connected to a brake 
which retards the impeller in small hole so as to automatically correct the indication for hole di- 


ameter. 


U.S. No. 2,707,266. H.-G. Doll. Iss. 4/26/55. App. 9/9/53. Assign. Schlumberger Well Surveying 

Corp. 

Systems for Investigating Spontaneous Potentials in Wells. A system for obtaining the self potential 
emf by establishing an extraneous current flow in the vicinity of the s-p electrode in the well and main- 
taining a fixed potential at electrodes on each side of the s-p electrode and producing a pulsating 
pressure variation in the well. 


U.S. No. 2,707,768. J. E. Owen. Iss. 5/3/55. App. 7/2/48. Assign. Geophysical Research Corp. 


Geophysical Exploration by Electrical Well Logging. An electrical well logging system in which the 
apparent resistivity and the apparent conductivity of the formations are recorded so that both curves 
remain entirely on the record, one curve showing detail for low resistivity formations and the other 
showing detail for high resistivity formations. 


U.S. No. 2,708,155. S. E. Buckley and W. D. Mounce. Iss. 5/10/55. App. 4/30/52. Assign. Esso 

Research and Engineering Co. 

Method for Logging Wells. A method of detecting the presence of hydrocarbons in well formations 
by removing the filter cake, exposing the formation to a strong oxidizing agent which reacts with 
hydrocarbons present and heats one junction of a thermocouple whose emf is transmitted to the 
surface and recorded. 


U.S. No. 2,708,316. J. V. Fredd. Iss. 5/17/55. App. 7/2/51. Assign. Otis Pressure Control, Inc. 

Tubing Caliper. A tubing calipering device having wheels on arms which are spring-pressed 
against the inside of the tubing and a number of circumferentially-spaced feeler arms which are 
mechanically connected to a recording stylus. 


U.S. No. 2,708,485. C. B. Vogel. Iss. 5/17/55. App. 4/29/52. Assign. Shell Development Co. 


Well Logging. An interval velocity logging apparatus using a number of vertically-spaced re- 
ceivers with alternately-operating spark-discharge transmitters at each end of the array, the 
received impulses being displayed on a c-r tube screen as two seismograms from the respective sources. 


U.S. No. 2,709,753. S. Krasnow and M. J. Test. Iss. 5/31/55. App. 10/1/41 and 1/2/51. Assign. 
Schlumberger Well Surveying Corp. 


Temperature Compensated Bore Hole Radioactivity Apparatus. A radioactivity logging apparatus 
in which d-c for operating the sensitive element is obtained from a-c fed down the cable and having 
a temperature responsive element to control the d-c so as to compensate for changes in sensitivity. 


U.S. No. 2,710,925. A. S. McKay. Iss. 6/14/55. App. 3/28/52. Assign. The Texas Co. 


Radioactivity Bore Hole Logging. A neutron-gamma ray logging method using a source that pro- 
duces both neutrons and gamma rays and a shield around the detector of such attenuation that 
changes in detected scattered gamma rays due to variations in borehole diameter compensate for 
changes in detected induced gamma rays due to variations in borehole diameter. 


U.S. No. 2,711,084. R. A. Bergan. Iss. 6/21/55. App. 8/30/52. Assign. Well Surveys, Inc. 

Refrigeration System for Well Logging Instruments. A system for refrigerating the scintillation 
counter and photo-multiplier tube of a radioactivity logging sonde by means of ice in an adjacent 
compartment, the ice being formed by circulation of a refrigerant through tubing having connections 
on the outside of the sonde. 
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U.S. No. 2,711,649. B. M. Baker. Iss. 6/28/55. App. 12/18/50. Assign. Engineering Laboratories, 
Inc. 
Tem perature Increment Drive Mechanism for Pressure Recorders. A pressure recorder for lowering 
into a well and having a pressure-actuated stylus which records on a drum driven by a bi-metallic 
element through a ratchet so that the drum can rotate in only one direction. 


U.S. No. 2,712,081. R. E. Fearon and J. M. Thayer. Iss. 6/28/55. App. 7/30/49. Assign. Well 
Surveys, Inc. 
Method of Neutron Well Logging. A neutron logging method in which the formations are bom- 
barded with fast neutrons, and diffused neutrons within a plurality of selected energy ranges are 
detected and the pulses converted to a d-c which is recorded at the surface. 


MISCELLANEOUS 


U.S. No. 2,705,417. P. C. Romo and T. W. Lynch. Iss. 4/5/55. App. 12/21/51. Assign. Petroleum 
Engineering Associates, Inc. 
Mineralogical Analysis. A method of differential thermal analysis in which the reference standard 
is made to contain one or more constituents known to exist in the sample so that other constituents 
of the sample may be more readily determined. 


U.S. No. 2,705,418. P. P. Reichertz and C. E. Francis. Iss. 4/5/55. App. 12/30/50. Assign. Socony- 

Vacuum Oil Co., Inc. 

Apparatus for Measuring Characteristics of Core Samples Under Compressive Stresses. A core 
testing apparatus having a piston which enters one end of the core sleeve so that the core specimen 
can be loaded in compression with a hydraulic press to simulate the effect of overburden, the hy- 
draulic fluid which actuates the press also being applied between the outside of the core sleeve and 
an outer supporting cylinder. 


U.S. No. 2,706,793. L. W. Alvarez, B. Rossi, and F. C. Chromey. Iss. 4/19/55. App. 5/15/46. Assign. 

U.S. A. 

Vertical Determination Device. A device for determining the terrestrial vertical by means of three 
cosmic ray detectors located at the vertices of a triangle with two pairs connected to coincidence 
counters whose outputs are compared and the ratio indicated or used to control orienting servo 
motors. 


U.S. No. 2,706,904. K. L. Hertel. Iss. 4/26/55. App. 4/9/51. Assign. University of Tennessee 

Research Corp. 

A pparatus for and Method of Testing Porous Materials. A device for determining the permeability 
cf a porous materia] in which the pressure of air is measured in a hollow annular nozzle pressed 
against a flat surface of the material with air flowing from the nozzle both outwardly and inwardly 
through the material. 


U.S. No. 2,709,069. F. G. Boucher. Iss. 5/24/55. App. 4/28/52. Assign. Esso Research and Engi- 
neering Co. 


Orienting Subsurface Earth Cores In Situ. A device for magnetizing cores in a known azimuthal 
orientation prior to cutting the core having an electromagnet with pole pieces which contact the 
bottom of the hole and also a magnetic compass which is clamped by dropping a go-devil which also 
turns on the electromagnet. 


U.S. No. 2,710,169. B. O. Prescott and J. E. Wilson. Iss. 6/7/55. App. 6/16/52. Assign. Shell De- 
velopment Co. 


Method for Determining the Dip and Strike of Formations Traversed by a Borehole. A method of 
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determining tke attitude of formations by cutting side-wall cores in three different known azimuths 
and at a known angle to the axis of the borehole, the core cutter being guided by a whipstock element 
whose orientation is known. 


U.S. No. 2,710,924. T. J. Morrison, Jr. and P. Galvanek, Jr. Iss. 6/14/55. App. 1/13/54. Assign. 
American Cyanamid Co. 
Fluorimeter. A device for measuring the fluorescence of samples by exposing them close to a 
source of ultraviolet light and detecting the fluorescence with a photomultiplier tube whose output 
is indicated by a microammeter. 


U.S. No. 2,710,961. J. E. Hawkins. Iss. 6/14/55. App. 6/26/53. Assign. Seismograph Service Corp. 


Radio Location System. A phase-comparison type of radio locating system using five stations to 
transmit six different frequencies, the second and third pairs of stations alternately radiating and also 
alternately modulating the signals from the first pair of stations. 


U.S. No. 2,711,644. E. D. Myers. Iss. 6/28/55. App. 5/28/st. 


Apparatus for Determining and Measuring the Gas Content of Soils. An apparatus for measuring 
the gas content of an impermeable sample having a closed container with de-aerated water in which 
the sample is mechanically disintegrated after which the amount of gas released is determined from 
the pressure change observed when a known quantity of gas is introduced into the chamber. 


SELECTED LIST OF U. S. PATENTS ISSUED DURING THE SECOND QUARTER OF 1955 


Patent No. Subject* Patent No. Subject* Patent No. Subject* 
2,705,373 428 2,706,410 200 2,707 , 388 140 
2,705,417" 88 2,706,411 460 2,707,391 496 
2,705,418" 88 2,706 , 638 224 2,707,392 428 
2,705,422 140 2,706,752 224 2,707,393 148 
2,705,434 416 2,706,755 200 2,797,395 200 
2,705,639 224 2,706, 788 236 2,707,396 200 
2,705,742 12 2,706,793" 232, 308 2,707,397 288 
2,705,793 312 2,706 , 800 132 2,707,400 16 
2,705,794 316 2,706,801" 232 2,707,437 136 
2,705 68 2,706,805" 376 2,707,438 136 
2,705,920 48 2,706,855 312 2,707,439 136 
2,706,011 360 2,706,860 520 2,707,524* 388 
2,706,118 224 2,706,904 88 2,707,750 12, 484 
2,706, 247 68 2,706,906 140 2,707,755 12, 484 
2,706, 253 420 2,706,908 412 2,707,765 68 
2,706, 285 108 2,706,928 420 2,707, 768 116 

Re. 23,983 200 2,706,962 460 2,707, 769% 232 
2,706,400 76 2,707 ,OOT 288 Re 23,997 308 
2,706, 401% 492 2,707,143 324 Re 23,999 148 
2,706, 406% 148 2; 707,252 224 2,707,876 140 
2,706,407 16 2,707, 236 140 2,707,880 188 
2,706,409 148 2,707, 266% 116 2,707,882 16 


* A key to the subject classification system will be found in Gropnysics, v. 12, pp. 256-264 


‘April, 1947). 
® Abstracted on preceding pages of this issue. 


4 
| : 
i 
: 
j 
i 
: 


952 


Patent No. 
2,797,917 
2,707,999 
2,708,000 
2,708, 104 
2,708, 155° 
2,708, 242 
2,708, 243 
2,708, 244 
2,708, 245 
2,708, 261% 
2,708, 316% 
2,708, 360 
2,708, 361 
2,708, 365 
2,708, 366 
2,708, 367 
2,708, 387 
2,708,408 
2,708, 485° 
2,708,554 
2,708,615 
2,708,656 
2,708,693 
2,708,694 
2.70, 721 
2,708,742 
2,708,877 
2,709,042 
2,709 ,053 
2,709 ,069* 
2,709,072 
2,709,130 
2,709 , 204 
2,709 , 
2,709,230 
2,709, 248 
2,709,252 
2,709, 253 
2,709, 365 
2,709, 366 


148 
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Patent No. 
2,709 , 367 
2,709,407 
2,709,597 
2,709,637 
2,709,723 
2,709,750 
2,709,751 
2,709 , 753° 
2,709,754 
2,709,755 
2,709,760 
2,709, 783° 
2,709,790 
2,709,797 
2,709,804 
2,709 ,807 
2,709,914 
2,709,916 
2,709,918 
2,709,921 
2,709,922 
2,710,070* 
2,710,156 
2,710, 169 
2,710,191 
2,710,324 
2,710,348 
2,710,302 
2,710,376 
2,710,388 
2,710, 389 
2,710,398 
2,710,399 
2,710,538 
2,710,540 
2,710,541 
2,710,559 
2,710,624 
2,710,625 
2,710,661 


Subject* 
460 
136 
224 
324 
484 
236 
196, 168 
304 
308 
148 
140 
232 
428 

16 
316 
312 
188 
428 
200 

16 
16 
364 
16 
392 
224 
188 
68 
68 
160 
108 
16 
316 
316 
288 
148 
148,200 
196 
288 
288 
360 


Patent No. 
2,710 
2,710,730 
2,710,786 
2,710, 787 
2,710,915 
2,710,924* 
2,710,925° 
2,710,959 
2,710,960 
2,710,961 
2,710,962 
2,711,084 
2,711,104 
2. 
2,711,290 
2,711,445 
2,711,446 
2,711,447 
2,711,509 
2, SET 
2,711,529 
2,711,532 
2,711,533 
2,711,590 
2,711,644" 
2,711, 
2,711,650 
2,711,651 
2,711, QO1 
7,711,945 
2,712,005 
2,702; 
2,712,088 
2,722,324" 
2,712,126 
2, 702), 120 


= 
48 
48 
80 324 
116, 452 68 | 
308 152 | 
484 
484 316 
116, 124 312 
44 312 
412 304 
496 224 
148 68 
a 148 68 
428 224 
416 484 | 
48 484 
: 8 228 
224 132 
324 188 
os 308 316 | 
224 316 
224 312 
200, 308 180 
360, 484 400 
a 136 288, 520 
68 460 
312 16 
3 80 224 
| : 136 224 
224 68 
348 304 
68 308 
68 360 
312 68 
316 324 
148 
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Seismology, by K. E. Bullen, John Wiley & Sons, Inc., New York, 1954. 


This is a pocket-size booklet of 123 pages by an eminent Australian seismologist, intended as a 
brief introduction to modern seismology for students of science. It contains chapters on instrumental 
seismology, elastic waves, fitting elastic theory to the earth, seismology and geology, seismic rays and 
travel times, earth models, microseisms, and notable earthquakes. This work may be warmly recom- 
mended as extracurricular reading for the exploration seismologist. He will find here stimulating 
thoughts and remarks on many matters of interest such as damping and dispersion of waves, aeolo- 
tropy, and imperfect elasticity. 

The chapter on seismology and geology ties in with current studies by the author on the vol- 
ume of the strained region prior to the largest earthquakes. The numerical value given in the book, 
1,000,000 cubic miles, has been superseded by a lower estimate, 10,000 cubic miles, due to a downward 
revision of the estimated total energy. (See K. E. Bullen, Bul. Seism. Soc. of America, v. 45, p. 43, 
1955.) 

The author’s main interest is in the direct study of seismic waves and the conclusions that may be 
drawn from them, rather than in the causes of the stresses in the crust. He is ready to doubt the exist- 
ence of convection currents in the mantle and states in one brief paragraph that the ultimate source 
of the energy which gives rise to earthquakes is presumably thermal and is generally associated with 
cooling in the outer 700 km. 

F. A. VAN MELLE 


‘Todern Physics for the Engineer, edited by L. N. Ridenour, McGraw-Hill Book Co., Inc., New York, 
1954, 499 P-, $7.50. 


This book contains the lectures presented in an extension course given at the University of 
alifornia at Los Angeles. The course was organized to appeal to practicing engineers who find them- 
-clves so compartmentalized in their professions that they may be oblivious to the progress made in 
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other fields. The course was organized to acquaint such engineers with recent advances in modern 
physics, as well as in the ever-expanding field of electronics and the new field of information-process- 
ing. 

To accomplish this, the course was subdivided into three parts. The first described the laws of 
nature. Lectures were included here on Relativity and the Foundations of Mechanics, Atomic Struc- 
ture, Physics of the Solid State, Magnetism, Microwave Spectroscopy, Nuclear Structure and Trans- 
mutation, Electronuclear Machines, the Actinide Elements and Nuclear Power, and Elementary 
Particles. The second part described man’s physical environment and included lectures on Astro- 
physics, High-Pressure Phenomena with Application to Geophysics, The Earth Beneath the Sea, 
Thunderstorms and the Lightning Strokes, and Transient Phenomena in Supersonic Flow. The last 
part dealt with “Information and its Communication.” These lectures were on Electrons and Waves, 
Semi-conductor Electronics, Communication Theory and the Transmission of Information, and 
Computing Machines and the Processing of Information. 

Because of the breadth of the coverage, each of the subjects out of necessity was presented in a 
considerably condensed form. This brevity was offset somewhat by a copious bibliography. Mathe- 
matics was not used although the engineer was assumed to be familiar with physics at the under- 
graduate level. Each of the authors, an authority in his field, organized his presentation to give a 
brief history of the research and theoretical work thus far accomplished in his field, to state the 
present status of its development, to indicate the application of his subject to other fields of research, 
to enumerate its future potentialities, and to predict the direction that future research will take. 

The book is a progress report which brings the reader up to date in the various fields it covers. 
Those in the petroleum industry who work with well logging problems, reservoir problems, or geo- 
chemistry should find the book especially valuable. The Jast part of the book, which is devoted to 
information theory and computing machines, serves as an excellent introduction to the subject for 
those who are not familiar with these new tools that have already seen much service in geophysical 


work. 
Paut WUENSCHEL 


Geology in Engineering, John R. Schultz and Arthur B. Cleaves, with a chapter on Soil Mechanics, by 
E. J. Yoder, John Wiley & Sons, Inc., New York, 1955, 592 p. $8.75. 


This book, the latest in a growing list of texts on introductory geology, has been written according 
to the authors’ preface as an attempt to introduce (civil) engineers to those “phases of geology that 
experience shows to be most useful in their work.”’ As the authors feel that “there is perhaps an even 
greater need for a book acquainting geologists employed in engineering work with engineering 
practices,” they have included several chapters devoted to this subject. While this reviewer concurs 
there is a need for such publication, he feels that the authors’ admittedly limited attempt to satisfy 
both needs in a single volume was perhaps a mistake. In order to keep within reasonable bounds as 
regards length of text, much material had to be treated in a very cursory fashion, and material was 
omitted that many will feel should have been included. While this book is not intended for a geo- 
physical audience, the inclusion of much material not found in other geologic textbooks, it is believed, 
will make it on the whole instructive reading for the average geophysicist as well as the civil engineer 
and geologist. 

There are 16 chapters devoted to geology and geologic interpretation and 6 chapters used to de- 
scribe engineering investigations and procedures dependent upon geologic factors. The authors are 
to be commended upon their presentation of the historical development of geology, the relation of 
geology to civil engineering, the common minerals, weathering processes, soils, stream erosion and 
deposition, desert land forms, beach erosion, glacial movement, frost action in soils, landslides and 
related phenomena, soils interpretation from aerial photographs, present procedures in soil mechanics, 
core drilling and geologic problems associated with the construction of dams, reservoirs, foundations, 
tunnels, highways, airfields and geologic materials used as concrete aggregate. The principal weak- 
nesses lie in the discussion of rocks, structural geology, stratigraphy, historical geology, ground water 
hydrology, shorelines, geologic interpretation of maps and aerial photographs, and the application o! 
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geophysical methods. In terms of the authors’ ebjectives, only the discussion of earthquakes has been 
overemphasized since the reviewer feels excessive space has been devoted to this subject. 

Only in the presentation on geophysical methods does it appear that the authors have limited 
knowledge concerning the subject under consideration. The weaknesses in all the other categories 
listed as being not adequate are related primarily to too cursory a treatment. Some specific examples 
of weaknesses are as follows: While the use of aerial photographs is considered from the standpoint 
of recognizing soil types, the recognition of geologic structure is not considered, nor is the value of 
aerial photographs in studying silting and channel movement in lacustrine or estuarine waters dis- 
cussed. While base exchange in clays is treated adequately from a chemiczl standpoint, the effect 
of this phenomenon on the physical properties of clays is not considered nor is the cause of silting at 
the salt water-fresh water contact near the mouths of rivers considered although the need for dredging 
in such areas is mentioned. While the effect of excess soil water iscommented upon in frost heaving, 
the effect of water of dilatency on structural foundations in river valleys and the formation of so-called 
“quick sands” is not considered. While a very comprehensive treatment is given on concrete aggre- 
gates and the importance of grading and chemical coatings is stressed, it is not pointed out that be- 
cause of these two factors marine beach sands are not suitable for concrete work without treatment. 

Other omissions that the authors may have fe]t involved debatable philosophical considerations 
and hence purposely omitted include the relationship of the major topographic features of the earth 
to subsurface crustal structure. However, the internal structure of the earth as determined from 
earthquake seismology is presented. Isostasy, while mentioned as an explanation of regional tilting, 
is not defined in terms of either the theories of its nature or the physical evidence for its existence. 

The reviewer, as one who has been teaching geology to engineers for over twenty years, feels that 
this text, while still not ideal, takes a notable stride toward filling a great need, and the authors are to 
be commended for having rendered their profession a great service. That the authors recognize some 
of the inadequacies pointed out is evident from the statement in the preface that a supplementary 
laboratory manual with practical problems and visual aids is a desirable adjunct for use with the 
text. Fortunately for the teaching profession, it appears that the professor also is still a desirable | 
adjunct. 

GEORGE P. WOOLLARD 
University of Wisconsin 
Madison, Wis. 


“Modellversuche mit seismischen Wellen (Model experiments with seismic waves)” by J. W. Ris- 
nitschenko, B. N. Iwakin, and W. R. Bugrow, “Bergakademie,” Zeitschrift fiir Bergbau, Hueiten- 
wesen und verwandten Wissenschaften, herausgegeben von der Bergakademie Freiberg, v. VI, 


p. 67-73 and p. 98-109, 1954. 


The above is a good German translation of an article which appeared in the Proceedings of the 
Academy of Sciences of the U.S.S.R. in 1951. It describes seismic model experiments on the approx- 
mate scale of 1:1,000, in length as well as time, a scale favored also by many experimenters in this 
country for work in connection with applied seismology. The authors state that the same apparatus 
may also be used for problems of earthquake seismology with a scaling factor of the order of 1: 100,000. 

The interest of the article for the exploration geophysicist and the experimenter lies partly in the 
fact that it is written as an introduction to model experiments in genera]. When, for instance, different 
methods are available for generating a pulse, all are discussed although one might be preferred. 
\ctually, piezoelectric devices were used both for generating pulses and for detection in the 100,000 
Hertz range. In their attempt at a general discussion the authors make some reckless statements, for 
‘nstance that the “period” of the inception of the P wave in an earthquake is equal to the duration 
of the process which causes the earthquake. 

The article is accompanied by a list of 69 references up to 1951, over half of them to the Russian 
‘iterature. 


F. A. VAN MELLE 
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“An Explanation of the Lake Michigan Wave of 26 June, 1954,” by M. Ewing, F. Press, and W. L. 
Donn. Science, v. 120, p. 684-686, 1954. 


The disastrous six- to ten-foot wave that hit the shore of Lake Michigan over a stretch of more 
than 70 miles, including the Chicago area, is convincingly explained by the unusual high speed of 
about 65 mi/hr with which a squall line accompanied by an atmospheric pressure jump of o.1 inch 
crossed the south half of the lake from NW to SE early the same day. The theoretical depth for which 
a long-period wave would be propagated with the speed of 65 mi/hr obtains (according to the formula 
h=c?/g, where h is the depth of the water, c the speed of the wave, and g the acceleration of gravity) 
for some 50 miles in a zone along the 300-ft depth contour which runs locally in the same direction 
traveled by the squall. The Chicago area, where at least seven lives were lost, was hit by the flood 
wave an hour after the time of its reflection against the southeast shore near the Michigan-Indiana 
border. 

This phenomenon of resonant coupling of a traveling atmospheric disturbance to surface waves 
has been observed before on the English North Sea coast. An analogous coupling from air waves 
(explosion sound) to seismic ground roll was studied previously by the senior authors (GEoPHysIcs, 


v. 16, p. 416, 1951). It lends theoretical support to the explanation offered for the flood wave. 
F. A. VAN MELLE 


“Early Arrivals in Seismic Prospecting,” by F. F. Evison, Nature, v. 173, p. 1047, 1954. 


The author restates his belief, expressed in previous publications, that electromechanical seismic 
sources are better suited than conventional explosives for shallow investigations such as are used for 
foundation and mining problems. As experimental evidence, a record is reproduced which shows the 
input pulse applied to the shaker (not the outgoing seismic signal just below the shaker) and the out- 
put of a detector located 125 feet away in which “the confusion normally found in the early part of a 
seismic record is absent.” It should be pointed out that this “confusion” results from explosive charges 
large enough to bring out deep reflections, charges which may well be one hundred times heavier than 
those required for shallow work. Moreover, many of us recall outgoing signals from small conventional 
charges which, when properly recorded by a well-planted sub-shot detector, closely resemble the 
simplest possible plane-wave signal, although in fact coming from a point source. The recording of 
such a displacement in one direction until its return to its original position is equivalent in velocity 
registration to a positive and a negative loop with equa] areas between curve and axis. With proper 
shooting and recording techniques, such shots are perfectly reproducible. Therefore, the case for the 
electromechanical source, which is largely Jimited to surface locations, may not be quite as strong as 


the author believes. 
F. A. VAN MELLE 


“A Discussion on the Floor of the Atlantic Ocean,” under the leadership of E. C. Bullard, Proc. Roy. 

Soc., A, v. 222, p. 287-407, 1954. 

Recent advances in the knowledge of sedimentation in the ocean basins and recent advances in 
determining the structure of the ocean basins were the subjects for discussion before a panel of 
geologists and geophysicists meeting under the auspices of the Royal Society of London. With regard 
to sedimentation, the most dramatic advance has been the recognition of turbidity currents as one of 
the fundamental] sedimentation processes at work in the ocean basins. It was concluded that turbidity 
currents were responsible for the presence of coarse, shallow-water sediments found in cores taken in 
deep water. Other examples were cited wherein turbidity currents produced graded bedding in 
Paleozoic graywackes. 

Equally significant is the age and paleoclimatic determinations made on sedimentary cores taken 
at specific localities in the deep ocean. Wiseman described in detail his CO2 technique and its favorable 
comparison to the O'* and pollen-analysis techniques for determining paleotemperatures. 

The deep structure of the oceans has been studied by using the dispersion of surface waves from 
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earthquakes when their paths cross the ocean basins, by gravity measurements, and by standard re- 
fraction and reflection techniques. Only the latter of these methods was discussed before this panel. 
The work of Ewing, Raitt, Gaskell, and Hill has given consistently similar results. For measure- 
ments over the deep ocean they have found only a thin sedimentary cover ranging in thickness from 
o.5 to 1 km lying on rocks whose velocity ranges from 6.3 to 6.6 km/sec. Below this intermediate layer 
at a depth ranging from 10 to 14 km lies the Mohorovitié discontinuity. This structure is altered near 
volcanic islands and near transitional zones adjacent to the continents. Near the volcanic islands a 
velocity of 4.0 to 5.0 km/sec is recorded below the sedimentary layer and the intermediate layer in- 
creases in velocity to 6.5—7.0 km/sec. The Mohorovitié discontinuity has not as yet been traced suc- 
cessfully under the oceanic islands. In the transitional zones near the continents an additional, 
sedimentary layer of velocity 2.5 to 3.3 km/sec is found lying on a basement rock whose velocity 
(5.0 to 5.8 km/sec) is considered typical of granite or granite-like rock. 

A similar oceanic structure can be deduced from gravity measurements at sea and on the conti- 
nent. To satisfy the observed values a dense rock must lie nearer to the earth’s surface under the 
oceans than under the continents. The seismic evidence indicates that the peridotite layer, a dense 
rock, is at a depth of 10 to 14 km under the oceans and 25 to 40 km under the continents. 

This complete agreement between the gravity and seismic results negates any hypothesis that 
the oceans are merely foundered continents. 

The discussion was very successful because it brought together divergent ideas as to the structure 
of the oceans and continents. It illustrated very clearly the conflict between an intuitive approach 


and an experimental approach to the solution of geological problems. 
PauL WUENSCHEL 


“Rapports Scientifiques des Expeditions Polaires Francaises. No. N.III.2 Sondages Seismiques au 
Groenland. Premiere Partie: Etude des vitesses de propagation des ondes seismiques sur |’In- 
landsis du Groenland,” by Alain Joset et Jean-Jacques Holtzscherer, Annales de Geophysique, 
Tome 9, fascicule 4, Octobre-Decembre 1953, Pp. 329-344. 


This paper reports the seismic observations that were made on the Greenland ice cap and presents 
the results of the standard calculations performed on these data. The paper would be of interest to 
students of tectonics because of the factual information that it contains regarding the thickness of the 
ice and the nature of the rock under the ice. Since this publication may not be readily available, a 
summary of the results will be given below. . 

Six seismic refraction spreads and three vertical velocity surveys in boreholes were undertaken. 
The longest spread was 11 km and this was the only one that was reversed. The remaining five 
spreads, ranging in length from 0.9 km to 10 km were unreversed. The deepest bore hole was 125 
meters. 

The velocity of the snow was found to increase gradually with depth. At one locality, its velocity 
at 13 meters depth was 1,540 m/sec and at 63 meters it was 3,380 m/sec. The mean velocity of the ice 
ranged from 3,800 m/sec to 3,950 m/sec. The lower value was obtained near the periphery at low 
elevations while the larger value was obtained near the center of the ice cap at slightly higher eleva- 
tions. Shear waves propagating through the ice were also recorded. The ice was 600 meters thick 
within 25 km of the periphery and over 3,000 meters thick at the center of the cap. 

In the long reversed spread, three refracting horizons below the ice cap were recorded. The 
velocities of these horizons were 5,000 m/sec, 5,450 m/sec, and 6,650 m/sec, respectively. The first 
‘wo were true velocities and the last was an apparent velocity. The thicknesses of the ice and of the first 
and second layers below it were 1,370 meters, 300 meters, and 720 meters respectively. Geologically 
‘he authors believe that the 5,000 m/sec layer represents a zone near the base of the ice cap where 
boulders of bed rock and moraine are frozen in the ice. The 5,450 m/sec layer is typical of the meta- 
morphic basement. The upper refraction horizons show little west dip and one can assume that the 
© ,650 m/sec velocity is not far from the true valve. If this be true, then a layer of basic rock, probably 


-asalt, exists within the metamorphic basement. Near the coasts, basalt occurs rather commonly. 
PauL WUENSCHEL 
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DISCUSSIONS AND COMMUNICATIONS 


PROPAGATION OF TRANSIENT ELECTROMAGNETIC WAVES IN A CONDUCTING MEDIUM 


Wait (1951) has calculated the transient electric fields for several types of step-function current 
sources placed inside a conducting medium. Now any generated pulse will require a finite build-up 
time to reach its final magnitude from its initial value of zero. In most cases, this type of pulse may 
be very well approximated by a ramp-function pulse (Figure 1). Expressions for the electric field of 
this type of pulse wil! be deduced in the following analysis. 

Let us assume that an electric dipole is immersed in a homogenecus, isotropic medium having 
conductivity o, dielectric constant e, and permeability u. If displacement currents be neglected in 


4 (t)——> 


Fic. 1. Plot of ramp function. 


comparison with conduction currents, we may write the expressions for the non-vanishing field com- 
ponents in sp4 erical coordinates as follows (Wait, 1951): 


i(s)d. 
e-(s) = (1+ cos (1) 
i(s)d. 
e9(s) = + + sin 0 ~ (2) 
and 
i(s)d. 
hg(s) = (i+ sin (3) 
where 


a? = opr? 
and i(s), é-(s), e9(s), and hg(s) are the Laplace transforms of i(¢), e-(¢), and hg(?). 
The Laplace transform of a function representing a ramp-function current pulse i(¢) which begins 
at time ¢=o and flattens out at time f=¢, (Figure 1), is given by 


(4) 
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Substituting (4) into (1) and normalizing by the substitutions 


t er(s) + 
t=—, es) = ———— > andt,=—»> 
a? Ids cos @ 


we obtain 


RY 


The inverse Laplace _— of ( _ may be obtained by utilizing the following two important results: 


1/2 


where L™ denotes the inverse Laplace transform. 


and 
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Fic. 2. Radial electric field component as function of time for various build-up times. 


With the help of equations (6) and (7), equation (5) may be expressed in the following way, 
after some algebraic manipulations, for the two separate time-domains: 


(i) oStSt, 


E,(t) = (8) 


and (ii) 


E,(t) = [falt)u(t) — fult — — (0) 


where u(t) and u(t—#,) are step-functions beginning at times ‘=o and ¢=?, respectively and 


f(t) = (: ~) [« — 4t) erf + 2t'/? erf’ (10) 
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A plot of £,(¢/our*) against ¢/our? is given in Figure 2 for five different values of ¢,, (i) t-=0 (a 
step-function input, Wait, 1951), (ii) t;=0.1, (iii) t-=0.5, (iv) 4-=1.0, and (v) 4-=2.0. 

In a similar way, the following expressions for Eg(t) and H(t) may be obtained for two separate 
time intervals: 


(i) oStSt, 
fld) (11) 
and 
Holt) = (12) 
and (ii) ¢2t, 
and 
where 


I I I r I I 


From a study of these functions it is observed that in the case of a ramp-function input pulse 
fed into a conducting medium, the non-vanishing components of the electric and magnetic field 
intensities exhibit time-gradients varying with the change in steepness of the exciting pulse-fronts. 
The magnitudes of the overshoots in the case of Eg(/) begin to decrease as the ramp-function pulse 
takes a longer time to flatten off. 

A study of the electric field intensities in the case of a saw-tooth pulse input has also been made 
in this laboratory. In geophysical exploration, saw-tooth pulses having large values of ¢, should be 
used if one wishes to obtain an appreciable magnitude for the electric and magnetic field intensities. 
A sharp rise time for this sort of exciting pulse cannot give rise to field intensities which can be easily 
measured. A detailed paper in this subject will be shortly published in the Journal of Science and 
Engineering of the Indian Institute of Technology, Kharagpur. 

The author is grateful to Prof. P. K. Bhattacharyya for his valuable suggestions and advice 
during the progress of the work. 
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matical Association of America. 


Delftse Ingenieurs. 


G. W. PostMA 


Hatcyon E. McNEIL 
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G. W. Postma was born at Rotterdam, Netherlands 
in 1909. He studied electrical engineering at the Technical 
Institute of Delft and obtained the degree of electrical 
engineer in 1932. He worked in the physical laboratory of 
the University of Utrecht, where he obtained a doctor’s 
degree in physics in 1936. He joined the Bataafsche Petrole- 
um Maatschappij in 1936, and served as a seismologist in 
Trinidad and Indonesia. Sine 1949 he has been employed in 
Shell Development Company’s Exploration and Production 
Laboratory at Houston, Texas, engaged in theoretical work 
connected with seismic and electrical exploration. He is a 
member of the Society of Exploration Geophysicists, the 
American Geophysical Union, and the Vereniging van 
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C, Pritcuetrt received his B.S. in Electrical 
Engineering from the University of Colorado in 1946, and 
his M.S. from The University of Texas in 1948. He has 
since been employed by The Atlantic Refining Company in 
the crude oil production division of their research and de- 
velopment department in Dallas. 


C. PRITCHETT 


GEORGE P. SARRAFIAN received a B.A. degree in Mathe- 
matics from the University of Texas in 1953. Since 1953 he 
has been with the Geophysical Research Department of 
Texas Instruments Incorporated in Dallas. He has been 
concerned with seismic model work as well as the processing 
of geophysical data. 

Mr. Sarrafian is a member of Phi Beta Kappa and an 
associate member of the Institute of Radio Engineers. 
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PETER F. SoutHwick received an A.B. degree in geol- 
ogy from Dartmouth College in 1943. After three years with 
the U. S. Marine Corps, he went to the Missouri School of 
Mines where he received a B.S. degree in geology in 1948, 
and in 1952, a Ph.D. in geophysics from M.I.T. He joined 
Gulf Research and Development Company in 1952 where 
he has been doing research in the interpretation of electrical 
logs. He is a member of Sigma Xi, American Geophysical 
Union, and the Society of Exploration Geophysicists. 


PETER F. SOUTHWICK 


K. S. SpreGLER was born in Vienna, Austria in 1920. 
In 1938 he was awarded an International Student Service 
scholarship at the Hebrew University in Jerusalem, Israel 
where he received the degree of Ph.D. in chemistry in 1944. 

He has since been on the staff of the Anglo-Iranian 
Oil Company, Abadan, Iran; the Palestine Potash Com- 
pany, Jersualem, Irsael; and, the Weizmann Institute of 
Science, Rehovoth, Israel, where he was in charge of the 
ion-exchange pilot plant. After three postdoctoral years at 
the Massachusetts Institute of Technology he joined the 
Gulf Research and Development Company where he heads 
the Physical Geochemistry section. 

He is a member of Sigma Xi, the American Chemical 
Society, Task Group E-2B (Sea Water Reclamation) of the 
American Water Works Association, and a consultant to the 
U. S. Department of the Interior’s Saline Water Conver- 
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CONTRIBUTORS 


LUVERNE J. SPIEKER received a B.S. in Math from 
Gustavus Adolphus College in 1946, a B.S. in Electrical 
Engineering from Iowa State College in 1948, and an M.S. 
in Electrical Engineering at Southern Methodist Uni- 
versity in 1955. From 1948 to 1951 he was employed by 
Geophysical Service Inc. Since 1952 he has been employed 
by Texas Instruments Incorporated where he is now work- 
ing in the Geophysical Research Division. 

Mr. Spieker is an Associate Member of the Institute 
of Radio Engineers and the American Insitute of Electrical 


Engineers. 


LUVERNE J. SPIEKER 


LEYCESTER STANLEY is a native Texan. He attended 
the Stephen F. Austin State Teachers College from 1939 
to 1942 and was graduated with a B.S. degree in mathe- 
matics. 

After working a few months with a gravity crew 
of American Republics Corporation, he joined the U. S. 
Navy and served in the South Pacific during World War 
II. Upon separation from service in the U. S. Navy, he 
returned to the American Republics Corporation and 
worked in the gravity section until 1949, at which time 
he entered the seismic section. The American Republics 
Corporation was sold to the Sinclair Oil & Gas Company, 
which company acquired full ownership and operation of 
the properties in March of 1955. 

At present he is employed by Sinclair Oil & Gas 
Company in the geophysical department, and he is con- 
tinuing work on a M.S. degree in geology at the University 
of Houston. 


LEYCESTER STANLEY 


He is a member of SEG, SEG Houston Section, SEG Houston Student Section, AAPG, Houston 


Geological Society, and Sigma Gamma Epsilon. 
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CONTRIBUTORS 


L. F. Unric received a Geological Engineering degree 
in 1934 from the University of Cincinnati and a M.S. de- 
gree in Geology (specializing in Geophysics) in 1936 from 
the California Institute of Technology. 

He joined Shell Petroleum Corporation in 1936 and 
during the next five years served as assistant seismologist 
and seismologist in the Gulf Coast area. He entered the 
U. S. Army in 1941 and served in the Armored Corps and 
Military Government during which time he attained the 
rank of Lieutenant Colonel. He transferred to inactive duty 
late in 1945, rejoined Shell Oil Company and engaged in 
various review and technical supervisory assignments in 
the Gulf Coast and Midland areas. At present he is a 
Senior Geophysicst devoting his efforts to special studies 
of an interpretive and field experimental nature in the Mid- 
land area. 

Mr. Uhrig is a member of Sigma Xi, Sigma Gamma 
Epsilon, Society of Exploration Geophysicists, American 


L. F. Unric 


Association of Petroleum Geologists, American Geophysical Union, Seismological Society of America, 
Permian Basin Geophysical Society, West Texas Geological Society and is a registered professional 


engineer in Texas. 


M. R. J. WYLLIE 


M. R. J. WYLLIE was born in Cape Town, South 
Africa and educated at the South African College School 
and the University of Cape Town, where he received the 
B.Sc. in Applied and Industrial Chemistry in 1939. He was 
a South African Rhodes Scholar at Magdalen College, 
Oxford where he received the D.Phil. in Electrochemistry 
in 1942. He served as Lieutenant-Commander R.N.V.R. 
engaged in weapons research and development in the Ad- 
miralty, London and in Southeast Asia, 1942-1946. He was 
a post-doctorate fellow by courtesy of the Johns Hopkins 
University, 1946-1947. He has been with Gulf Research 
and Development Company since 1947, where he is now 
Director of the Reservoir Mechanics Divisions. 


Biographies and photographs of the following authors may be found in recent issues of GEo- 
vysics: W. B. Acocs, v. XIX, p. 351 (April, 1954); J. F. ENSLIN, v. XX, p. 353 (April, 1955); 
‘AL J. Jones, v. XIX, p. 845 (October, 1954); Joun A. Morrison, v. XIX, p. 847 (October, 1954); 
‘on F, RuMMERFIELD, v. XIX, p. 847 (October, 1954); and Bart W. Sorcg, v. XX, p. 395 (April, 
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COMMITTEES 


EXECUTIVE COMMITTEE, EIGHTEEN MONTHS ENDING IN OCTOBER, 1955 


President: Pau L. Lyons, Sinclair Oil and Gas Co., Tulsa, Oklahoma 
Vice-President: Roy F. BENNETT, Sohio Petroleum Co., Oklahoma City, Oklahoma 
Secretary-Treasurer: HucH M. Tura ts, Geo Prospectors, Inc., Tulsa, Oklahoma 
Editor: Mitton B. Dosrin, Magnolia Petroleum Co., Dallas, Texas 

Past President: Roy L. Lay, The Texas Company, New York, N. Y. 


STANDING COMMITTEE ON NOMINATIONS 


Chairman: Paut L. Lyons, Sinclair Oil and Gas Co., Tulsa, Oklahoma 


Roy L. Lay 


Curtis H. JOHNSON 


COMMITTEE OF TELLERS 
Chairman: Kart Dyk, Stanolind Oil & Gas Co., Tulsa, Oklahoma 


UFFUM W. A. MATTHEWS 


E. V. 
P. A. WEIRICH 


TWENTY-FIFTH ANNUAL MEETING COMMITTEES 


General Chairman: RoBert Dyk, Geophysical Service Inc., Denver, Colorado 
Vice-Chairman: RALPH C. Hotmer, Bear Creek Mining Co., Denver, Colorado 


Technical Program 


MarvIN RomBERG, Chairman 
Joun HOottister, Vice-Chairman 
C. L. SHEPHERD 

E. B. Wasson 

K. H. WATERS 

Dart WANTLAND 

G. V. KELLER 


Arrangements 
C. C. O’BoyLe 


Entertainment 


C. L. BARKER, Chairman 

A. WILKINSON, Vice-Chairman 
F. H. PERSSE 

W.R. PEERY 

R. L. Kretz 


Housing 


LESLIE SPENCER, Chairman 

Frep L. Travis, Jr., Vice-Chairman 
E. Goopwin 

H. Cartson 

RoBERT H. AUERBACH 

G. STAVES 

Joun M. Nasu 

James D. BERWICK 


Publicity 
F. L. Lockarp, Chairman 
JASON JoHNSON, Vice-Chairman 
K. E. PETERSON 
Cuar_es B. Situ, Jr. 


Registration 
W. A. Meszaros, Chairman 
ALLEN J. GARBER, JR., Vice-Chairman 
J. MorEDOCK 
J. BADAMI 
W. CHRISTIAN 
M. Jupy 
F. R. VERSAW 
J. R. REESE 


Finance 
C. E. Chairman 


Technical Service 
GEORGE RoceErs, Chairman 
Ratpu Parks, Vice-Chairman 
A. H. McFapDEN 
J. FARRELL 
Cari Lomax 


Educational Exhibits 


James E. Tuompson, Chairman 
Martin GOULD 
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Exhibits W. E. WINKLER 
W. M. Erpant, Chairman F. L. MITCHELL 
H. L. Ras£, Vice-Chairman T. S. GREEN 


Ladies General Chairman: Mrs. W. H. WurtuH 
Day Chairmen Luncheon and Fashion Shows 


Mrs. F. R. VERSAW Mrs. ROBERT KENDALL 


Mrs. RoBert Dyk 
Mrs. WESLEY MorGAN 
Mrs. Mitton CoLLum 


Mrs. R. L. KRreEtTz Ladies Hospitality 
Mrs. L. F. Lockarp, Chairman 
Ladies Registration Mrs. C. K. SHEPHERD, Hostess 
Mrs. C. L. BARKER Mrs. A. Hare, Decorations 
: Mrs. R. R. Parks, Small Tours 
Mountain Tours Mrs. H. L. Rasé&, Bridge 
Mrs. RoBERT Dyk Mrs. R. C. Hotmer, Refreshments 


STANDING COMMITTEE ON EDUCATION 


Chairman: J. B. MACELWANE, S.J., Saint Louis University, St. Louis, Missouri 


D. C. SKEELS Joun C. HOLuiisTER 
M. Kinc HuBBERT PERRY BYERLY SHERWIN F. KELLy 
BENO GUTENBERG H. W. StrRatey III 


STANDING COMMITTEE ON STUDENT MEMBERSHIP 
Chairman: Frep J. AGnicu, Geophysical Service Inc., Dallas, Texas 


J. Tuzo Witson Joun HOLLIsTER Joun T. GEER 


STANDING COMMITTEE ON DISTINGUISHED LECTURES Se 
Chairman: PETER DEHLINGER (’55), Texas A. & M. College, College Station, Texas “oN 


Francis F. CAMPBELL (’56) Joun FERGuson (’56) 


STANDING COMMITTEE ON RADIO FACILITIES 


Chairman: R. D. Wycxorr, Gulf Research & Development Co., Pittsburgh, Pa. 
Vice-Chairman: W. M. Rust, JRr., Humble Oil & Refining Co., Houston, Texas 


Bart W. SORGE C. B. Bazzoni DANIEL SILVERMAN 
FE. M. SHoox V. ROBERT KERR RICHARD BREWER 
STANDING COMMITTEE ON MEMBERSHIP 
Chairman: Bart W. Sorce, United Geophysical Corp., Pasadena, California 


Francis F. CAMPBELL 


STANDING COMMITTEE ON Honors AND AWARDS 


Chairman: L. L. NETTLETON, Gravity Meter Exploration Co., Houston, Texas (’55) 


ANDREW GILMOUR (’56) SicGMUND HAMMER (’58) 
GEORGE E, WAGONER (’57) Curtis H. JoHNSON (’59) 
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STANDING COMMITTEE ON PUBLICATIONS 
Chairman: Joun P. Woops, The Atlantic Refining Co., Dallas, Texas 
L. L. NETTLETON Crecit H. GREEN 
M. Kinc HuBBERT S1GMUND HAMMER 
STANDING COMMITTEE ON REVIEWS 


Chairman: N. C. STEENLAND, Gravity Meter Exploration Co., Houston, Texas 


Pau C. WUENSCHEL F. A. VAN MELLE R. A. GEYER 
M. M. SLotNnick E. G. LEONARDON T. A. ELKINS 
W. T. Born 


STANDING COMMITTEE ON PUBLICITY 


Chairman: BEN F. RUMMERFIELD, Century Geophysical Corp., Tulsa, Okla. 


H. C. BickEL H. G. McCreary W. R. O'BRIEN 

L. J. LARGUIER GeEoRGE D. GrBson A. A. HUNZICKER 
JULIAN ASHBY P. E. NARVARTE G. A. SAMUELS 
Joun A. LESTER Joun C. McCastin Dovuctas W. ALLAN 
Sam J. ALLEN RICHARD S. NOBLE KENNETH R. ETTER 


STANDING COMMITTEE ON PUBLIC RELATIONS 


Chairman: R. C. DuntaP, Jr., Geophysical Service Inc., Dallas, Texas 


Epwarp G. SCHEMPF A. E. McKay C. G. Dan 

Ws. P. OcILviE E. L. RICKETTS DALE E. TURNER 
RoBert Dyk EUGENE W. FROWE L. D. DAwson, JR. 
STANLEY W. WILcOx Van A. PETTY, JR. Lewis RILEY 


STANDING COMMITTEE ON GEOPHYSICAL ACTIVITY 
Chairman: SicMuND Hammer, Gulf Research & Development Co., Pittsburgh, Pa. 
KENNETH L. Cook C. C. LisTER Kumyyi [ipa 
HERBERT Hoover, JR. WALTER S. OLSON A. Garcia Rojas 
STANDING COMMITTEE ON SAFETY 


Chairman: Joun F. IMtE, Geophysical Service Inc., Dallas, Texas 


R. A. WEISBRICH WALTER E. JASPER Bart W. SORGE 
W. H. Hawkes W. H. NewTron Joun W. GREEN 
E. L. JoHNSON FRANK SEARCY G. M. Kintz 


SPECIAL GLOSSARY COMMITTEE 
(AGI SUBCOMMITTEE) 


Chairman: RicHARD A. GEYER, Geophysical Service Inc., Houston, Texas 


GLENN J. BAKER F. HALE LEE PARK 
Joun G. BEARD C. H. HiGHTOWER FRANK A. ROBERTS 
C. Hewitt Dix Joun C. HOLtisTER FRED ROMBERG 


R. L. KIssLIncER 
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SPECIAL COMMITTEE ON GEOPHYSICAL CASE Histories VOLUME II 


Chairman: D. P. Cartton, Humble Oil and Refining Company, Houston, Texas 
Editor: Pau L. Lyons, Sinclair Oil and Gas Co., Tulsa, Oklahoma 


R. A. PETERSON FRANK GOLDSTONE P. M. KonKEL 
NorMAN J. CHRISTIE Joun H. Witson STEFAN Von Croy 
Mitton B. Dosrin Joun W. E. 

T. I. HARKINS SIGMUND HAMMER J. Brian Esy 
MarVIN ROMBERG W. H. FENwIck E. S. SHERAR 

W. W. NEwTon C. H. DrEsBACcH L. L. NETTLETON 
O. C. CLIFFORD R. M. BRADLEY EUGENE W. FROWE 
DEAN WALLING W. L. Maryasic H. C. McCarver 
R. F. BEERS A. B. BRYAN Roy L. Lay 


Subcommittee on Mining Case Histories 
Chairman: Haron O. SEIGEL, Consultant, Toronto, Canada 


KENNETH L. Cook J. Ewart BLANCHARD 
Howarp McMurry SHERWIN F. KELLY 
Rosert G. VAN NosTRAND 


SPECIAL COMMITTEE ON CONSTITUTION AND BYLAWS 
Chairman: W. M. Rust, Jr., Humble Oil & Refining Co., Houston, Texas 
Henry C. Cortes ANDREW GILMOUR J. J. Jakosky 
Ceci, H. GREEN SicMuND HAMMER L. L. NETTLETON 
SPECIAL COMMITTEE ON CODE OF ETHICS 
Chairman: JAMES A. Brooks, Jr., Humble Oil & Refining Co., Houston, Texas 
Ceci, H. GREEN GrEorRGE E. WAGONER 


SPECIAL COMMITTEE ON STANDARDIZATION OF MAGNETIC RECORDING OF SEISMIC SIGNALS 
Chairman: R. R. THompson, Humble Oil & Refining Co., Houston, Texas 


KeitH R. BEEMAN J. D. E1sLer B. D. LEE 
ROLAND F. BEERS GLENN M. GROSJEAN R. A. PETERSON 
S. J. BEcun J. E. HAWKINS F. A. VAN MELLE 
K. E. Bure K. M. LAwRrENCE G. B. Loper 


Subcommittee on Definitions and Measurements 
Chairman: Wu. E. N. Doty, Continental Oil Co., Ponca City, Okla. 
R. A. ARNETT Louis W. ERATH L. B. McManis 
FRANK COKER RoGER HARLAN Rosert C. Moopy 
RoBERT KELLEY 
Subcommitiee on Information on Magnetic Recorder Characteristics 
Chairman: C. B. Scott, The Carter Oil Co., Tulsa, Oklahoma 


SPECIAL COMMITTEE ON RESEARCH 
Chairman: Dayton H. CLEWELL, Magnolia Petroleum Co., Dallas, Texas 


C, Hewitt Dix Mavrice Ewinc B. D. LEE 

R. A. PETERSON J. E. HAWKINS H. F. DuNnLaAP 

P. S. T. J. O'DONNELL J. M. CRAwForD 
C. H. GREEN L. L. NETTLETON DANIEL SILVERMAN 


W. T. Born J. E. WuItE 
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SPECIAL COMMITTEE ON INDEX OF WELLS SHOT FOR VELOCITY 
Chairman: V. U. GaITHER, Continental Oil Company, Ponca City, Oklahoma 


ADVISORY COMMITTEE ON RADIOACTIVE MINERAL EXPLORATION 
(Joint committee of AAPG, SEPM, and SEG) 


F. H. Lawee (’55), Chm., Sun Oil Company, Box 2880, Dallas, Texas 
Henry C. Cortes* (’56), Vice-Chm., Magnolia Petroleum Company, Box goo, Dallas, Texas 


1955 1956 1957 
Cecit H. GREEN* GERHARD HERzoc* ROLAND F. BEERs* 
Morton T. Hices RoBERT R. RIEKE : JEAN C. FINLEY 
J. HarLan JOHNSON WILFRED B. TAPPER Haroxp N. Fisk 
GERALD H. WEsTBY* Ronatp E. McApAms 


H. E. StommMet* 
* SEG Members. 


DIRECTORS OF THE AMERICAN GEOLOGICAL INSTITUTE 
Roy L. Lay (Nov., 1956) SicMUND HamMe_Er (Nov., 1955) 


REPRESENTATIVE TO DIVISION OF EARTH SCIENCES 
NATIONAL RESEARCH COUNCIL 


C. B. Bazzoni (June, 1956) 


REPRESENTATIVE ON COUNCIL OF 
AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 


F. BrEeErs, Beers and Heroy, Troy, N. Y. 


LOCAL SECTIONS 


GEOPHYSICAL SOCIETY OF TULSA 
(CHARTERED FEBRUARY 2, 1948) 


President: JouN M. CRAwFoRD, Continental Oil Co., Ponca City, Okla. 
1st Vice-President: STANLEY WILCOX, Seismograph Service Corp., Box 1590, Tulsa 1, Okla. 
2nd Vice-President: W1LL1AM M. Erpant, Skelly Oil Co., Box 1650, Tulsa, Okla. 
Secretary: JOHN RuPNIK, Manhart, Millison & Beebe, Jenkins Bldg., Tulsa, Okla. 
Treasurer: R. B. Rice, Phillips Petroleum Co., Bartlesville, Okla. 
Editor: E. V. McCottum, E. V. McCollum & Co., 515 Thompson Bldg., Tulsa, Okla. 
District Representatives: 
Norman Ricker, The Carter Oil Co., Box 801, Tulsa, Okla. 
L. Y. Faust, Amerada Petroleum Corp., Box 2240, Tulsa, Okla. 
Paut L. Lyons, Sinclair Oil & Gas Co., Box 521, Tulsa, Okla. 
Meetings: Monthly, 2nd Thursday, 7:00 P.M., meeting only, University of Tulsa, Room 224, Petro- 
leum Science Hall. 


SOCIETY OF EXPLORATION GEOPHYSICISTS HOUSTON SECTION 


(CHARTERED FEBRUARY 14, 1948) 


President: T. O. Hatt, General Geophysical Co., 2514 Gulf Bldg., Houston 2, Texas 

1st Vice-President: FRED E. ROMBERG, Geophysical Service Inc., 839 Esperson Bldg., Houston 2, 
Texas 

2nd Vice-President: A. A. HUNZICKER, Seismic Explorations, Inc., 1007 S. Shepherd, Houston, Texas 
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Secretary: H. W. McDonno1p, Keystone Exploration Co., 2813 Westheimer, Houston, Texas 
Treasurer: W. B. LEE, Gulf Research & Development Co., Drawer 2100, Houston, Texas 
District Representatives: 

O. B. Hocker, The Texas Co., Box 2332, Houston 1, Texas 

G. A. BEerG, Berg Geophysical Co., 2122 Welch, Houston, Texas 

Joun F. ANDERSON, Anderson & Cooke, 500 San Jacinto Bldg., Houston, Texas 
Meetings: Monthly, rst Monday, Noon luncheon ($1.50), Rice Hotel. 


PACIFIC COAST SECTION 
(CHARTERED APRIL 12, 1948) 


President: JOHN W. MATHEWS, Richfield Oil Co., Box 147, Bakersfield, Calif. 
Vice-President Northern District: RICHARD W. SHOEMAKER, Ohio Oil Co., Box 193, Bakersfield, Calif. 
Vice-President Southern District: ELLswortH M. Curry, Shell Oil Co., 1008 W. 6th St., Los Angeles 
17, Calif. 
Secretary-Treasurer: 1. V. SCHERB, The Texas Co., Box 3127, ““H” St. Annex, Bakersfield, California 
District Representatives: 
Furnt H. AGEE, United Geophysical Corp., 2227 S. 4th Ave., Arcadia, Calif. 
Ws. D. Cortricut, Tide Water Associated Oil Co., 2202 Terrace Way, Bakersfield, Calif. 
Mitton C. Born, Amerada Petroleum Corp., 552 Subway Terminal Bldg., Los Angeles, Calif. 
Meetings: Monthly, 2nd Thursday, Noon luncheon ($2.00), Biltmore Hotel, Los Angeles. 


DALLAS GEOPHYSICAL SOCIETY 
(CHARTERED AUGUST 7, 1948) 


President: R. C. DUNLAP, Jr., Geophysical Service Inc., 5900 Lemmon Ave., Dallas 9, Texas 
1st Vice-President: MARTIN C. KEtsEy, Rayflex Exploration Co., 6923 Snider Plaza, Dallas, Texas 
2nd Vice-President: ToM PRicKETT, The Atlantic Refining Co., Box 2819, Dallas 1, Texas 
Secretary-Treasurer: JOHN T. GEER, Magnolia Petroleum Co., Box goo, Dallas 1, Texas 
District Representatives: 
O. C. CiirrorD, Jr., The Atlantic Refining Co., Box 2819, Dallas 1, Texas 
Cecit H. Green, Geophysical Service Inc., 5900 Lemmon Ave., Dallas 9, Texas 
J. P. Woops, The Atlantic Refining Co., Box 2819, Dallas 1, Texas 
Meetings: Monthly, generally but not invariably 2nd Monday (contact any member). 8:00 P.M. 
Fondren Science Bldg., S.M.U. , 


FORT WORTH GEOPHYSICAL SOCIETY 
(CHARTERED AUGUST 7, 1948) 


President: E. J. GEMMILL, Cities Service Oil Co., 1111 Ft. Worth National Bank Bidg., Fort Worth, 
Texas 
Vice-President: H. E. PrRokeEsH, Continental Oil Co., 1710 Fair Bldg., Fort Worth, Texas 
Secretary-Treasurer: JAMES DivE.Btss, The Chicago Corp., 2122 Continental Life Bldg., Fort Worth, 
Texas 
District Representatives: 
F. O. Morttock, Gulf Research & Development Co., Drawer 1290, Fort Worth, Texas 
L. O. SEAMAN, Sinclair Oil & Gas Company, 901 Fair Bldg., Fort Worth, Texas 
Meetings: Monthly, 4th Monday, Noon Luncheon ($1.50), Texas Hotel. 


ARK-LA-TEX GEOPHYSICAL SOCIETY 
(CHARTERED MARCH 12, 1949) 


President: J. RYAN WALKER, Arkansas Fuel Oil Corp., Box 1171, Shreveport, La. 
ice-President: GLENN J. BAKER, Wm. M. Barret, Inc., 1431 Dalzell, Shreveport, La. 
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Secretary-Treasurer: Bruce Fox, The Atlantic Refining Co., 922 Texas Eastern Bldg., Shreveport, 
La. 

District Representatives: 
B. B. Burroucus, Sunray Oil Corp., Ricou-Brewster Bldg., Shreveport, La. 
Rosert B. Baum, Seismograph Service Corp., Box 1590, Tulsa 1, Oklahoma. 

Meetings: Monthly, last Monday, Noon Luncheon ($1.50), Caddo Hotel, Shreveport. 


PERMIAN BASIN GEOPHYSICAL SOCIETY 
(CHARTERED JANUARY 30, 1950) 


President: J. E. Frntey, Continental Oil Co., Box 431, Midland, Texas 

1st Vice-President: J. S. PLuta, Honolulu Oil Corp., Drewer 1391, Midland, Texas 

2nd Vice-President: R. M. Pinson, Union Oil Co., 619 West Texas, Midland, Texas 

Secretary: Bitty C. JoHNsON, Forest Oil Corp., Box 2066, Midland, Texas 

Treasurer: N. R. Park, Standard Oil Co. of Texas, McClintic Bldg., Midland, Texas 

District Representative: Paut C. REED, Forest Oil Corp., Box 2066, Midland, Texas 

Meetings: Monthly, 2nd Tuesday, 7:30 P.M., free coffee and doughnuts, Cowden Jr. High School 
cafeteria. 


DENVER GEOPHYSICAL SOCIETY 
(CHARTERED May 109, 1950) 


President: C. K. SHEPHERD, Continental Oil Co., Continental Oil Bldg., Denver, Colorado 

Vice-President: E. B. Wasson, The California Co., Box 780, Denver, Colorado 

Secretary-Treasurer: J. R. REEvES, Aurora Gasoline Co., 227 U. S. National Bank Bldg., Denver, 
Colorado 

District Representative: DART WANTLAND, 727 Pearl St., Denver, Colorado 

Meetings: Monthly, 1st Monday, 5:30 P.M., meeting only, Petroleum Club, 1644 Glenarm Place. 


CANADIAN SOCIETY OF EXPLORATION GEOPHYSICSTS 
(CHARTERED JANUARY 24, 1952) 


President: R. D. HOLLAND, Texaco Exploration Co., 237 7th Ave., Calgary, Alberta 

Vice-President: E. G. HainEs, Seaboard Oil Co., 630 8th Ave., W., Calgary, Alberta 
Secretary-Treasurer: H. J. McGrew, Canadian Gulf Oil Co., Box 130, Calgary, Alberta 

Disirict Representative: F. G. Coote, Accurate Exploration Ltd., 2201 roth Ave., W., Calgary, Alberta 
Meetings: (Data not received) 


GEOPHYSICAL SOCIETY OF OKLAHOMA CITY 
(CHARTERED SEPTEMBER 30, 1952) 


President: J. E. Stones, The Superior Oil Co., 2211 Liberty Bank Bldg., Oklahoma City, Okla. 
1st Vice-President: R. D. ROBERTS, Sohio Petroleum Co., Box 3656, Oklahoma City, Okla. 

2nd Vice-President: D. J. VAN NosTRAND, Gulf Oil Corp., Box 9667, Oklahoma City, Okla. 
Secretary: JOHN BEMROSE, Sohio Petroleum Co., Box 3656, Oklahoma City, Okla. 

Treasurer: R. H. Peacock, Superior Oil Co., 2211 Liberty Bank Bldg., Oklahoma City, Okla. 
District Representative: D. W. Ratuirr, Stanolind Oil & Gas Co., Box 1654, Oklahoma City, Okla. 
Meetings: Monthly, 2nd or 3rd Monday, time and place to be announced. 


CASPER GEOPHYSICAL SOCIETY 


(CHARTERED May 23, 1953) 


President: G. NEWMAN SHELL, Cities Service Oil Co., 1719 S. Oak, Casper, Wyo. 
Vice-President: GEORGE N. MEADE, Stanolind Oil & Gas Co., Box 40, Casper, Wyo. 
Secretary-Treasurer: WESLEY N. FARMER, Richfield Oil Corp., Box 698, Casper, Wyo. 
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District Representative: HoMER RoBERTsS, Petty Geophysical Engineering Co., Box 651, Casper, 
Wyoming 
Meetings: Monthly, 1st Monday, 7:00 P.M., Dinner ($2.75), Townsend Hotel 


GEOPHYSICAL SOCIETY OF SOUTH TEXAS 
(CHARTERED NOVEMBER 9Q, 1953) 


President: WELDON L. CRAWFORD, Petty Geophysical Engineering Co., Transit Tower, San Antonio 
Texas 

Vice-President: LEE Moor, Petty.Geophysical Engineering Co., Transit Tower, San Antonio, Texas 

Secretary-Treasurer: LAWTON B. STEPHENSON, Petty Geophysical Engineering Co., Transit Tower, 
San Antonio, Texas 

District Representative: BART PRATT, Petty Geophysical Engineering Co., Box 2061, San Antonio, 
Texas 

Meetings: Semi-monthly, 2nd and 4th Wednesdays, Noon luncheon (Cafeteria style), Sommers Cafe- 
teria, Main Plaza, San Antonio. 


SOUTHEASTERN GEOPHYSICAL SOCIETY 
(CHARTERED APRIL I, 1954) 


President: G. A. BuRTON, Shell Oil Co., Box 193, New Orleans, La. 
Vice-President: J. A. Harris, The California Co., 800 The California Co., Bldg., New Orleans 12, La 
Secretary-Treasurer: J. B. MEITZEN, Humble Oil & Refg. Co., Box 626, New Orleans 7, La. 
District Representatives: 
Crark E. ALLEN, Geophysical Service Inc., 522 Arlington Dr., New Orleans 20, La. 
K. R. Wetts, General Geophysical Co., 5025 St. Bernard Ave., New Orleans, La. 
Meetings: Monthly, 3rd Monday, Noon luncheon ($1.50), St. Charles Hotel, New Orleans. 


MONTANA GEOPHYSICAL SOCIETY 
(CHARTERED APRIL 12, 1954) 


President: D. M. STEEL, Geotechnical Corp., 251 Avenue F, Billings, Montana 

tst Vice-President: H. R. Apams, Sohio Petroleum Co., Box 529, Billings, Montana 

2nd Vice-President: EDWIN BARTEL, Petty Geophysical Engrg. Co., 403 North 24th St., Billings, 
Montana 

Secretary-Treasurer: S. G. BUFORD, JR. 

Meetings: (Data not received) 


DAKOTA GEOPHYSICAL SOCIETY 


President: W. E. Putts, Stanolind Oil & Gas Co., Box 1437, Bismarck, N. D. 

1st Vice-President: HucH McCatn, The Atlantic Refining Co., Box 1076, Bismarck, N. D. 

ond Vice-President: Quin Hayes, Mobil Producing Co., Box 1236, Bismarck, N. D. 

Secretary-Treasurer: R. R. PHatr, Roundup Powder Co., Box 452, Bismarck, N. D. 

District Representative: HENry Nocami, The Atlantic Refining Co., Box 728, Dickinson, North 
Dakota 

Meetings: Monthly, 1st Friday, 7:30 p.M., Petroleum Club, Prince Hotel, Bismarck. 


JACKSON GEOPHYSICAL SOCIETY 


(CHARTERED May 12, 1955) 


President: FrED G. Knicut, The Ohio Oil Co., Box 850, Lafayette, Louisiana 
\ice-President: Put P. Gasy, Delta Exploration Co., 206 West Rankin St., Jackson, Mississippi 
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Secretary-Treasurer: ROBERT R. Purtxips, Honolulu Oil Corp., 403 Deposit Guaranty Bank Bldg., 
Jackson, Mississippi 

District Representative: To be elected 

Meetings: To be announced. 


STUDENT SOCIETIES 
(AFFILIATED) 
COLORADO SCHOOL OF MINES SOCIETY OF STUDENT GEOPHYSICISTS 


President: F. CLARKE Secretary-Treasurer: ROBERT MADDEN 
Vice-President: LEONARD ZASEYBIDA Faculty Sponsor: JOHN C. HOLLISTER 
Meetings: (Data not received) 


GEOPHYSICAL SOCIETY OF SAINT LOUIS UNIVERSITY 


President: RiCHARD SNEIDER Secretary: THoMAS McEVILLy 

Vice-President: GILBERT BOLLINGER Treasurer: ROBERT RILEY 

Faculty Moderator: Rev. JAMES B. MACELWANE, S.J., Institute of Technology, 3621 Olive St., St. 
Louis 8, Mo. 

Meetings: Monthly, 2nd Wednesday, 7:30 P.m., Meeting only, Institute of Technology, 3621 Olive 
Street. 


SOCIETY OF EXPLORATION GEOPHYSICISTS HOUSTON STUDENT SECTION 


President: L. STANLEY, 608 Gale St., Houston 22, Texas 

1st Vice-President: R. P. Massey, Electrical Engineering Dept., The Rice Institute, Houston Texas 
2nd Vice-President: JEFF Surpps, Geology Dept., University of Houston, Houston, Texas 
Secretary: F. L. SAcHNIK, Geology Dept., University of Houston, Houston, Texas 

Treasurer: Miss MARN JOHNSON, Geology Dept., University of Houston, Houston, Texas 
University of Houston Sponsor: R. A. GEYER, 3743 Childress St., Houston 1, Texas 

Rice Institute Sponsor: C. R. WIscHMEYER, The Rice Institute, Houston, Texas 

Meetings: (Data not received) 


UNIVERSITY OF TORONTO GEOPHYSICAL SOCIETY 


President: H. A. SHILLIBER Secretary-Treasurer: R. M. FARQUHAR 
Vice-President: E. A. W. JONES Faculty Sponsor: J. Tuzo Wi1Lson 


Meetings: Bi-weekly, alternate Thursdays, 4:00 P.M., 49 St. George St. 


UNIVERSITY OF TULSA STUDENT GEOPHYSICAL SOCIETY 


President: JACK NOBLE Secretary: CECILE NASH 
Vice-President: Ep MCKEON Treasurer: ScoTT SMITH 


Meetings: Every Tuesday, 7:00 P.M., meeting only, Petroleum Science Hall. 


TRANS-PECOS STUDENT SECTION 


Box 56, Texas Western College 
El Paso, Texas 


President: JoE H. SCALES Secretary: JoHH T. SAMPLE, JR. 
1st Vice-President: PETER G. GRAY Treasurer: WILLIAM D. GRANT 
2nd Vice-President: HARRY R. Hirscu Faculty Sponsor: WM. S. STRAIN 


Meetings: To be announced. 
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PENNSYLVANIA STATE UNIVERSITY GEOPHYSICAL SOCIETY 


Secretary: ALFRED E, WILLIAMS 


Faculty Sponsor: B. F. HOWELL, Jr. 


CALENDAR OF MEETINGS 


October 3-6, 1955: 25th Annual Meeting SEG, Shirley Savoy Hotel, Denver, Colorado 
March 8-9, 1956: Midwestern Regional Meeting, Texas Hotel, Fort Worth, Texas 
May 11, 1956: Annual Spring Meeting, Pacific Coast Section, SEG, El Tejon Hotel, Bakersfield, 


California 


May 12, 1956: Annual Meeting, Permian Basin Geophysical Society, Scharbauer Hotel, Midland, 


Texas 


May 17-18, 1956: Gulf Coast Regional Meeting, Houston, Texas 
October 29-31; Nov. 1, 1956: 26th Annual Meeting SEG, Roosevelt Hotel, New Orleans, La. 
November 11-14, 1957: 27th Annual Meeting SEG, the Statler-Hilton, Dallas, Texas. 


MEMBERSHIP APPLICATIONS RECEIVED 


Applications for Active membership have been received from the following candidates. This publi- 
cation does not constitute an election but places the names before the membership at large, in ac- 
cordance with Bylaws, Article III, Section 4. If any member has information bearing on the qualifica- 
tions of these candidates he should send it to the President within thirty days. 


APPLICATIONS FOR ACTIVE MEMBERSHIP 


ALEXANDER, ROGER G., JR., Geologist-Geophysi- 
cist, Standard Oil Co. of California, P.O. Box 
278, Oildale, Calif. 

ANDERSON, WALLACE L., Research Engineer, 
McCollum Exploration Co., 1025 S. Shepherd 
Dr., Houston, Texas 

AtcHison, Cart H., Mgr. of Exploration, 
British American Oil Prod. Co., 806 V & J 
Tower, Midland, Texas 

Basurt0, Jesus G., Ass’t To Chief Geophysicist, 
Petroleos Mexicanos, Esparza Oteo 175, 
Mexico 20, D.F. Mexico 

Bity, Roy J., Field Supervisor, Imperial Oil 
Ltd., 8536-109 Street, Edmonton, Alta., Can- 
da 

BLevins, Howarp M., Supervisor, Tomlinson 
Geophysical Service, 524 Commercial Bldg., 
Shreveport, La. 

Boypstun, JAMEs A., Computer, Union Produc- 
ing Co., P.O. Box 1407, Shreveport, La. 

$REMKAMP, WILLIAM, Party Chief, Continental 
Geophysical Co., 602 Continental Life Bldg., 
Ft. Worth, Texas 

BRUBAKER, D. G., Research Physicist, The New 
Jersey Zinc Co., Research Dept., Palmerton, 


Pa. 


Carison, Harry W., Review Geophysicist, The 
California Co., P.O. Box 780, Denver, Colo. 
Carr, Rosert B., Sr. Geophysicist, c/o Arabian 
American Oil Co., Dhahran, Saudi Arabia 
CarTER, WiLLIAM H., Jr., President, Electro 
Mechanical Development, 2337 Bissonnet 

Ave., Houston 5, Texas 

CLARK, JOHN E., Geophysicist, Union Oil Co. of 
California, 619 W. Texas, Midland, Texas 

CONNER, CHARLES J., Gravity Meter Supervisor, 
Stanolind Oil & Gas Co., P.O. Box 7128, New 
Orleans, La. 

Dumas, W. B., Seismic Supervisor, Kerr-McGee 
Oil Ind. Inc., 3420 NW 23rd Street, Oklahoma 
City, Okla. 

Dyar, Rosert F., Geophysicist, Gulf Oil Corp., 
P.O. Drawer 2100, Houston 1, Texas 

FENDLASON, L. J., Area Gravity Supervisor, Shell 
Oil Co., Box 193, New Orleans 3, La. 

FERRELL, L. M., Field Supervisor, Delta Explora- 
tion Co., 206 Rankin St., Jackson, Miss. 

FisHER, Brut M., Party Manager, United 
Geophysical Corp., Box 478, Miles City, 
Mont. 

Focarty, CHartes F., Mgr. Geological Dept., 
Texas Gulf Sulphur Co., Rm. 1804, 811 Rusk 
Ave., Houston 2, Texas 
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Gray, C. H., Jr., Party Chief, Gravity Meter 
Exploration Co., P.O. Box 907, Morgan 
City, La. 

TEGROEH, Dick M. W. Geophysicist, Ned Nieuw 
Guinee Petr. Naatshappy, Sorong Ned. Nw. 
Guinea 

Hattock, C. E., Jr., Geophysical Supervisor, 
Phillips Petroleum Co., 341 SE. Waverly, 
Bartlesville, Okla. 

HAMBLETON, WILLIAM W. Ass’t. Prof. Geology, 
University of Kansas, Dept. of Geology, 
Lawrence, Kan. 

HERRMANN, ARTHUR C., JrR., Sr. Observer, The 
Atlantic Refining Co., P.O. Box 2819, Dallas, 
Texas 

HOFFSCHWELLE, JOHN W. Party Chief, Gulf Oil 
Corp., Box 1815, Billings, Mont. 

HOLTZCHERER, J. J. Geophysicist, Esso-Rep, 
France, 2 Cours Victor Hugo, Belges, (Gir- 
ande), France 

HuckaBay, W. B. Sr. Research Technologist, 
Magnolia Petroleum Co., P.O. Box goo, 
Dallas, Texas 

Kuan, R1iaz H. Geophysicist, Offshore Explora- 
tion Group H., 3601 S. Sandman, Houston, 
Texas 

KimBaLL, W. C. Supervisor, Apache Explora- 
tion Co., Inc., P.O. Box 1711, Houston 1, 
Texas 

KNITTLE, R. B. Party Chief, The Texas Co., 
P.O. Box 1012, Houma, La. 

Lopes, Eupes P. Geop'tysicist, Petrobas, 2212 
Ford St., Apt. 1, Golden, Colo. 

Martin, JAcK P. Geologist, Texas Gulf Produc- 
ing Co., 413 Marguerite Blvd., Lafayette, La. 

Mayne, W. Harry, Research Engineer, Petty 
Laboratories, Inc., Box 2061, San Antonio, 
Texas 

McDonatp, J. Kennetu, Party Chief, Okla- 
homa Seismograph Co., P.O. Box 579, Shaw- 
nee, Okla. 
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Murr, Davin M., Manager, Radio Geophysical 
Co., 5209 N. Lamar Boulevard, Austin 5, 
Texas 

Murray, Josepu E., Geophysicist, Stanolind 
Oil & Gas Co., P.O. Box 1654, Oklahoma City, 
Okla. 

Piccort, H. D. G., Geophysicist, British Petrole- 
um Co., Ltd., 52, Claygate Lane, Hinchley 
Wood, Esher, Surrey, England 

Prins, S., Seismologist, c/o Compania Shell de 
Venezuela, Ltd., Apartado 19, Maracaibo, 
Venezuela 

Rosinson, Ropert E., Chief Petro. Eng. & 
Geol., Trans-American Petroleum Corp., 1839 
Line Avenue, Shreveport, La. 

ScHISLER, ALVIN J., Party Chief, Exploration 
Consultants, Inc., 503 Jenkins Bldg., Tulsa, 
Okla. 

Scuwartz, Bos A., Party Chief, Exploration 
Consultants, Inc., 209A-6th Avenue W., 
Calgary Alta., Canada 

SHELDON, Joun A., Zone Geophysicist, Gulf Oil 
Corp., P.O. Box 669, Roswell, N. M. 

Sims, Etmer R., Jr., Instrument Supervisor, 
Empire Geophysical, Inc., Box 561, Odessa, 
Texas 

Smitu, Louis M., Geophysicist, Sun Oil Com- 
pany, P.O. Box 2831, Beaumont, Texas 

Van ALTENA, PETER J., Area Manager, Cardinal 
Geophysical Co., Inc., 533 Petroleum Bldg., 
Wichita, Kan. 

Waker, E. R., Staff Engineer, Midwestern 
Instruments, P.O. Box 7186, Tulsa, Okla. 
WALTHALL, Max H., Seismic Computer, Humble 
Oil and Ref. Company, P.O. Box 626, New 

Orleans, La. 

Westmacott, Rosert I., Party Geophysicist, 
Stanolind Oil & Gas Co., P.O. Box #5009, 
Denver, Colo. 

YEAGER, J. C., Seismic Party Chief, The Texas 
Co., P.O. Box 1720, Ft. Worth, Texas 


TRANSFER TO ACTIVE MEMBERSHIP 


CAMPBELL, Epmunp O., Geophysicist, Gulf Oil 
Corp., P.O. Drawer 2100, Houston, Texas 
Dayton, Morris E., Ass’t Geophysicist & Geol- 
ogist, Texas Pacific Coal & Oil Co., P.O. Box 
155, Abilene, Texas 

Drake, Marvin E., Seismologist, Rogers Ex- 
ploration, S. A., Apartado 463, Caracas, Vene- 
zuela 


Exstrom, James J., Party Chief, United Geo- 
physical Corp., Bin “M”, Pasadena, Calif. 
HaseE.tTINE, Harvey M., Jr., Party Chief, The 
Atlantic Refining Co., 3629 Shenandoah, 
Dallas 5, Texas 

Hore, Ray, Party Chief, General Geophysical 
Co., 705 Houston Club Bldg., Houston, 
Texas 
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HucuEs, James R., Party Chief, Geophysical 
Service Inc., 5900 Lemmon Ave., Dallas 9, 
Texas 

McCamus, F. W., Geophysicist, McPhar Geo- 
physics Ltd., 36 Cranfield Rd., Toronto 16, 
Ont., Canada 

NEITZEL, Epwin B., Electrical Engineer, The 
Atlantic Refining Co., Geophysical Lab., P.O. 
Box 2819, Dallas 1, Texas 

Newman, C. E., Geophysicist, Gulf Oil Corp., 
P.O. Box 478, Monahans, Texas 

Norem, N. M., Party Chief, Geophysical 
Service Inc., Caixa Postal No. 820, Belem, 
Para, Brasil 

PARKER, KENNETH L., Geophysicist, Research 
Exploration Inc., 5406 Grand Lake St., Bel- 
laire, Texas 


Percy, C. G., Seismic Computer, Humble Oil & 
Refining Co., Box 1600, Midland, Texas 
SLAVEN, Tuomas Lane, Staff Geophysicist, 
Western Geophysical Co. of America, 813 S. 
Bonnie Brae St., Los Angeles 57, Calif. 
TamacE, E. W., Geophysicist, Sinclair Oil & Gas 
Co., P.O. Box 99, Jackson, Mississippi 
Tuomas, GEORGE L., Computer, Geophysical 
Service Inc., 6424 Pipeline Rd., Ft. Worth, 
Texas 
Tuompson, Jack H., Party Chief, Sun Oil Co., 
Seismograph Dept., Box 1798, Denver, Colo. 
Warp, CHARLES J., Geophysicist, Seaboard Oil 
Company, 8518 Ridgelea St., Dallas 9, Texas 
Woker, LeonarpD A., Party Chief, The Texas 
Co., General Delivery, Claresholm, Alt., 
Canada 


AWARD FOR BEST PAPER OF 1954 


Ben F. Rummerfield (left) received the certificate and plaque representing the annual Best Paper 
Award for 1954 from President Paul L. Lyons during the opening session of the Annual Joint Meeting 
March 29, 1955 in New York City. Mr. Rummerfield’s paper, “Reflection Quality, a Fourth Dimen- 
sion,” appeared in the October, 1954 issue of GEOPHYSICS. 
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ANNOUNCEMENTS 


NINTH ANNUAL MIDWESTERN MEETING 


Plans are well under way for the Ninth Annual Midwestern Meeting of SEG to be held in the 
Texas Hotel, Fort Worth, March 8 and 9, 1956. General Chairman E. L. Mount, of the Continental 
Oil Co., Oklahoma City, has announced that members who desire to present papers at this meeting 
may contact R. M. Davis, Program Chairman, care of The Carter Oil Co., 1411 Classen Blvd., Okla- 
homa City, Oklahoma. The Geophysical Society of Oklahoma City is the principal sponsor, with the 
Fort Worth Geophysical Society serving as host. The other four local sections sponsoring the meeting 
are the Ark-La-Tex Geophysical Society (Shreveport), Dallas Geophysical Society, Geophysical 
Society of Tulsa, and Permian Basin Geophysical Society (Midland). 

To date the following committeemen have been appointed: R. M. Davis and F. A. Roberts, 
Co-chairmen of the Program Committee from Oklahoma City, and L. V. Lombardi, member from 
Fort Worth; G. V. Dunn and Marvin Hewitt, Co-chairmen from Oklahoma City of the Finance Com- 
mittee, and A. F. Pankey, Fort Worth member; R. D. Roberts and H. C. Talley, Jr., Oklahoma City 
Co-chairmen of the Program Publicity Committee, and Ben F. Rummerfield, Tulsa member; Kirby 
Warren, Fort Worth Chairman of the Entertainment Committee, and Ed A. Deupree, Oklahoma 
City Co-chairman; B. J. Boring, Fort Worth Chairman of the Publicity Committee, and L. D. 
Ervin, Oklahoma City Co-chairman; G. A. Bell, Jr., Fort Worth Chairman of the Registration Com- 
mittee, and John R. Foster, Oklahoma City Co-chairman; A. E. McKay, Fort Worth Chairman of 
the Housing Committee, and John M. Cochrane, Oklahoma City Co-chairman; and James Divel- 
biss, Fort Worth Chairman of the Arrangements Committee, and W. H. Speckhard, Oklahoma City 
Co-chairman. 


GEOPHYSICIST RECEIVES NAVY’S HIGHEST CIVILIAN AWARD 


‘Dr. Maurice Ewing, director of the Lamont Geological Observatory, Palisades, New York, and 
a pioneer scientist in underwater sound research, has received the Navy’s Distinguished Public 
Service Award for his outstanding contributions to the science of undersea warfare. 

The citation accompanying the award reads in part: 

“For his outstanding contributions to the United States Navy in the scientific development of 
undersea warfare. His vigorous pursuit of general understanding of marine phenomena has placed 
him at the forefront of the fields of oceanographic geophysics and underwater acoustics. His contribu- 
tions to the National Defense may be measured by the fact that the Navy’s ability to detect sub- 
marines acoustically rests to a large extent on his early work on the propagation of sound in the ocean. 
. .. Of equal importance in the defense of the United States have been his contributions as a leader 
and teacher. His success may be judged by the fact that many of the outstanding men today in the 
fields of underwater sound, oceanography, and geophysics have at one time been his students. . .. ” 

In announcing this award, the Navy released the following statement: 

“The award was presented for Dr. Ewing’s contributions in marine geophysics. He has been a 
prolific pioneer and producer in the oceanographic-acoustic research aspects of underwater sound; 
his basic research has contributed to the Navy’s increased capabilities in antisubmarine warfare; 
and his work has led to new equipments and operational concepts in this important Navy field. 

“Dr. Ewing also has been a guiding spirit in submarine geophysics, sound transmission, and cer- 
tain aspects of submarine warfare for 10 to 20 years. Because of his work in underwater sound he 
became the principal developer of the techniques now used by many people in this field. In addition, 
he interested many students in oceanic research and trained many of the present scientific leaders in 
this field. 

“He pioneered investigations in seismic refraction measurements, underwater photography, pre- 
cision sounding, bottom sediment coring, gravity measurements and their theoretical interpretation, 
and the erosion and sedimentation properties of turbidity currents. His work contributed immeasur- 
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ably to development of the bathythermograph and use of the deep sound channel for position finding 
at sea. 

“He was awarded the Day Medal in 1949 by the Geological Society of America. Dr. Ewing is a 
member of the National Academy of Sciences and this year was awarded the Agassiz Medal for his 
outstanding contributions in marine geophysics and geology. He is a fellow of the Physical Society, 
the Geological Society, and the Mathematical Society. He has been vice-president of the Geophysical 
Union and the Seismological Society. 


PERSONAL ITEMS 


Dr. Joseru W. BERG, JR. has accepted the position of Assistant Professor in the Department of 
Geophysics, University of Utah, Salt Lake City, Utah. Dr. Berg was formerly Assistant Professor of 
Geophysics at The University of Tulsa. 

Dr. KENNETH L. Cook has been promoted to the rank of full Professor and Head of the Depart- 
ment of Geophysics, University of Utah. 

Puitie M. KonxEt has been appointed assistant chief geologist for The Ohio Oil Co. effective 
July 1, 1955, according to an announcement by Fred E. Smith, vice-president and manager of the pro- 
duction department. 

Jo Pat Biack, former assistant to the president of the American Republic Corp., has opened his 
own geology and geophysical consulting business with offices in the San Jacinto Building, Houston, 
Texas. 

CuarLes H. DresBACH, for the past five years Manager of Societe Nord Africaine des Petroles 
(SNAP), Gulf Oil subsidiary in Tunisia, North Africa, is now located at Accra, Gold Coast, as Repre- 
sentative—West Africa—Gulf Eastern Co. (Gulf Oil). 

The appointment of JuL1an C. AsHBy to be General Manager of Utex Exploration Company, 
Inc., has been announced by Charles A. Steen, president of Utex, Moab, Utah. 

Cor. MERLE C. Bowsky is now stationed at Ft. Huachuca, Arizona. 

K. StEwart CRONIN was appointed exploration manager of the Pure Oil Company effective 
July 1, it was announced by R. B. Kelly, vice president for exploration and production. Mr. Cronin, 
employed by the company in geological work for 21 years, succeeds DoNALD M. Davis, who will be- 
come assistant manager of Pure’s Gulf Coast producing division with headquarters in Houston. 

MILLER QUARLES, JR. resigned his position as Chief Geophysicist and Gulf Coast Manager of 
Precision Exploration Company effective June 15, 1955. He has joined Ralph E. Fair, Inc. at 1111 
Milam Building, San Antonio, Texas, as a geologist and geophysicist. 

Rosert M. Dreyer has been appointed Chief Geologist of the Kaiser Aluminum and Chemical 
Corp., Oakland, California. 

R. W. Dun ey, formerly of Kerr-Dudley & Co., Ft. Worth, Texas, has moved to Oklahoma City 
and opened an oil exploration consulting office at 608 First National Building. 

PAvuL FarRREN, formerly Vice-President of National Geophysical Company, resigned effective 
October 1, 1955, after more than eighteen years service with that company, to open a geophysical 
consulting office in Houston. The new Second National Bank Building in Houston has promised him 
a suite of offices at No. 1528 by the middle of February. Until then he will be at 742 W. 42, Houston 
18, Texas. He intends to specialize in seismic interpretation, review, and supervision. 

J. W. Fisupack has been named district geophysicist for Stanolind Oil and Gas Company’s 
Roswell, New Mexico, district. Fishback replaces C. J. Lonc, who has been transferred as district 
geophysicist of the company’s Midland, Texas, district. 

GrorcE C. McGuEE announces the opening of an office in the Republic National Bank Building, 
Dallas. He has organized the McGhee Production company, which will carry on geophysical evalua- 
tion and exploratory drilling. The company will concentrate its activities in southern Louisiana, but 
will be active in all of the principal oil producing areas. 

Mr. McGhee plans to purchase producing oil and gas properties through the recently organized 
Petroleum Reserves Incorporated. 
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SOCIETY OF EXPLORATION GEOPHYSICISTS 
CONSTITUTION AND BYLAWS 


CONSTITUTION 
(As amended to August 26, 1948) 


Article I. Name Article X. Meetings 

Article II. Object Article XI. Local Sections 

Article III. Membership Article XII. Districts 

Article IV. Code of Ethics Article XIII. Affiliated Societies 

Article V. Election, etc. of Members Article XIV. Committees 

Article VI. Officers Article XV. Business Manager 

Article VII. Duties of Officers Article XVI. Review by Members 

Article VIII. Council Article XVII. Bylaws 

Article IX. Executive Committee Article XVIII. Amendments to the Constitution 


ARTICLE I. NAME 
SEcTION 1. The Society shall be called the “Society of Exploration Geophysicists.” 


ARTICLE IT. OByEcT 


SECTION 1. The objects of this Society shall be to promote the science of geophysics especially as 
it relates to exploration and research, to foster the common scientific interests of geophysicists, and 
to maintain a high professional standing among its members. 


ARTICLE IIT. MEMBERSHIP 


SECTION 1. The membership of this Society shall consist of persons elected and qualified in ac- 
cordance with the Constitution and Bylaws of this Society at the time of such election. 

SECTION 2. The membership of this Society shall consist of Honorary Members, Active Members, 
Associate Members, and Student Members. 

SECTION 3. To be eligible to election to Honorary Membership a person shall, in the unanimous 
opinion of the Standing Committee on Honors and Awards and the Council, have made a distin- 
guished contribution to geophysics or a related field which warrants exceptional recognition. 

SECTION 4. To be eligible to election to Active Membership an applicant must have been actively 
engaged in practicing or teaching geophysics or a related field for not less than eight years (up to four 
years as a student in a recognized college or university may be counted toward this total) of which at 
least three years must have involved work of a responsible nature calling for independent judgment 
and the application of geophysical or geological principles. 

SECTION 5. To be eligible to election to Associate Membership, an applicant must be actively in- 
terested in geophysics. 

SECTION 6. To be eligible to election to Student Membership an applicant must be a graduate or 
undergraduate student in good standing in residence at a recognized university or college. 

SEecTION 7. An Honorary Member or Active Member shall enjoy all privileges of the Society. 
He shall be eligible to hold any office, to vote on all matters submitted to the membership, to petition 
the Council or Executive Committee on any matter, to sponsor applicants for membership and to 
publish his affiliation with the Society. 

Section 8. An Associate Member or Student Member shall be entitled to attend the meetings 
of the Society, to receive its journal and to purchase its publications, on the same terms as an Active 
Member. He shall have none of the other privileges of membership and in publishing his affiliation 
with the Society shall clearly indicate his grade of membership. 


ARTICLE IV. Cope or Etuics 


SECTION 1. Membership of any class shall be contingent upon conformance with the established 
principles of professional ethics. 
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ArTICLE V. ELECTION, oe AND EXPULSION OF MEMBERS 
SECTION 1. The method of election to the various grades of membership shall be as set forth in 
the Bylaws. 
SECTION 2. Any member in good standing may resign from the Society at any time as set forth 
in the Bylaws. 
SECTION 3. Any member may for the good of the Society be suspended or expelled from the 
Society at any time as set forth in the Bylaws. 


ARTICLE VI. OFFICERS 


SEcTION 1. The officers of the Society shall be a President, a Vice-President, a Secretary-Treas- 
urer, and an Editor. Officers shall be elected in the manner prescribed in the Bylaws for a term of one 
year with the exception of the Editor, whose term shall be two years. 

SECTION 2. Election of officers shall be by secret mail ballot. On the ballot shall be printed the 
nominees for each office arranged in alphabetical order. 

SECTION 3. The Standing Committee on Nominations shall nominate, in the manner prescribed 
in the Bylaws, two candidates for each office to be filled. Further nominations may be made by peti- 
tion as set forth in the Bylaws. 

SECTION 4. The officers shall assume the duties of their respective offices immediately after the 
close of the Annual Meeting following their election. 

SEcTION 5. No officer shall be eligible for election to the same office for two consecutive terms. 

SECTION 6. In case of a vacancy in any office, other than the President’s, the Executive Commit- 
tee shall select a successor to serve until the close of the Annual Meeting following this appointment, 


ARTICLE VII. DutiEs OF OFFICERS 


SECTION 1. The President shall be the presiding officer at all the meetings of the Society, shall take 
cognizance of the acts of the Society and of its officers, shall appoint such standing committees and 
special committees as are required for the purposes of the Society, and shall delegate members to 
represent the Society. He may, at his option, serve on, and may be chairman of, any committee. He 
shall prepare an address to be given before the members of the Society at the Annual Meeting. 

SECTION 2. The Vice-President shall assume the office of President in case of a vacancy from any 
cause in that office and shall assume the duties of President in case of the absence or disability of the 
latter. He shall also be responsible for all national meetings of the Society. 

SECTION 3. The Secretary-Treasuer shall assume the duties of the President in case of the ab- 
sence of both the President and Vice-President. He shall have charge of the financial affairs of the 
Society and shall annually submit reports as Secretary-Treasurer covering the fiscal year, which he 
shall arrange to have published in the next regular issue of the journal of the Society. Under the direc- 
tion of the Council, he shall arrange for the receipt and disbursal of all Society funds. He shall cause 
an audit to be prepared annually by a public accountant at the expense of the Society. He shall 
give a bond, and shall cause to be bonded, all employees to whom authcrity may be delegated to 
handle Society funds. The amount of such bonds shall be set by the Council and the expense shall be 
borne by the Society. 

SECTION 4. The Editor shall be in charge of the editorial business, shall submit an annual report 
of such business, shall have authority to solicit papers and material for the regular Society publication 
and for special publications, and may accept or reject material offered for publication. He may 
appoint associate, regional, and special editors. 


ARTICLE VIII. Councit 
SEcTION 1. The Council of the Society shall consist of the officers, the Past President, the Prior 
Past President, and all elected District Representatives. 
SECTION 2. The Council shall be the governing body of the Society and subject to the provisions 
of the Constitution and Bylaws shall have full control and management of the affairs and funds of 
the society. 
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SECTION 3. A joint meeting of the outgoing and incoming Councils shall be held at the call and 
under the chairmanship of the newly elected President during or within seven days after the Annual 
Meeting of the Society. At this joint meeting the Councils shall hear reports from all officers and 
committees and review the activities of the Society for the past year. With the advice of the out- 
going Council, the incoming Council sha]l conduct any necessary business and issue instructions or 
recommendations to any officer or committee, subject to the provisions of the Constitution and By- 
laws. All committee chairmen shall attend this meeting, but, as chairmen, shall have no vote. 

SEcTION 4. At the call of the President or a majority of the Council members, and after written 
notice to all Council members, the Council may meet at any time. 

SEcTION 5. A quorum at any meeting of the Council shall consist of six Council members. 

SECTION 6. Unless otherwise provided by the Constitution, all actions by the Council shall 
require a majority vote of the members present. 


ARTICLE IX. EXECUTIVE COMMITTEE 


SECTION 1. The Executive Committee shall consist of the President, the Vice-President, the 
Secretary-Treasurer, the Editor, and the Past President. 

SECTION 2. When the Council is not in session the Executive Committee shall have full authority, 
subject only to prior instructions by the Council, to exercise all powers of the Council. 

SECTION 3. All actions of the Executive Committee shall require a majority vote of all members 


of the Committee. 
SECTION 4. The Executive Committee may vote an any matter either by mail or in person. 


ARTICLE X. MEETINGS 


SECTION 1. The Society shall hold at least one meeting of the members each year, this meeting 
to be known as the Annual Meeting. One session of this meeting shall be a Business Meeting, at which 
reports of the officers and committees shall be read and the result of the mail ballot for officers an- 


nounced. 
SECTION 2. The Annual Meeting shall be held at a time and place designated by the Executive 


Committee. 
SECTION 3. Additional meetings of the Society may be called by the Executive Committee. 


ARTICLE XI. Locat SECTIONS 


SECTION 1. Local sections, consisting of members of the Society and other persons engaged in 
geophysics or a related field residing within an appropriate distance of a central point, may be or- 
ganized as provided in the Bylaws. 

SECTION 2. Each local section shall assist in carrying out the objectives of the Society within the 
territory assigned to the section by the Council. 

SECTION 3. Each local section shall have one District Representative if among its members there 
are less than seventy-five Honorary Members and Active Members of the Society in good standing, 
two District Representatives if more than seventy-five and less than one hundred fifty, or three Dis- 
trict Representatives if more than one hundred fifty. 

SECTION 4. The District representatives shall be elected from among the Honorary Menken and 
Active Members of the Society in good standing for terms stated and in the manner prescribed in the 
By laws and shall not be eligible for two consecutive terms. 


ARTICLE XII. Districts 


SECTION 1. The Council shall divide the area of the continental United States, not assigned to 
local sections, into not more than seven districts. Council may designate districts outside the area of 


the continental United States. 

SECTION 2. Each district shall have for each seventy-five Active Members of the Society, who are 
not members of a local section, one District Representative, who shall be appointed by the President 
for a term of one year expiring at the close of the Annual Meeting. 


: 

H 


CONSTITUTION AND BYLAWS 987 


ARTICLE XIII. AFFILIATED SOCIETIES 


SECTION 1. The Council may arrange for affiliation of the Society with any duly organized groups 


or societies. 
SECTION 2. The terms of affiliation must provide that the Society shall have the right to dissolve 


such affiliation at any time, subject only to the payment of any sums it may legally owe the affiliated 
group or society. 


ARTICLE XIV. COMMITTEES 


SECTION 1. In addition to the Executive Committee, there shall be appointed standing commit- 
tees to further the purposes of the Society. 

SECTION 2. The duties of the standing committees and the method of their appointment shall be 
in accordance with the Bylaws. 

SECTION 3. The President may at any time appoint special committees for such purposes as he 
may deem fit. 

SECTION 4. The terms of all special committees shall expire at the close of the Annual Meeting 
following their appointment. 


ARTICLE XV. BusINESSs MANAGER 


SEcTION 1. The Council may employ a business manager for the Society and pay him such 
salary and other compensations from the Society’s funds as they deem advisable. 

SECTION 2. The business manager shall provide a bond appropriate in amount, the cost to be 
borne by the society. 

SECTION 3. The business manager shall, under the supervision of the Secretary-Treasurer, per- 
form such duties as the Council may assign him. 

SECTION 4. The Council may discharge the business manager at any time. 


ARTICLE XVI. REVIEW BY MEMBERS 


SECTION 1. All acts of the officers, Council, and committees of the Society shall be subject to 
review by the members. 

SECTION 2. Proposals to change any decision, policy, or procedure of any officer, the Council, or 
any committee shall be submitted in writing to the President and signed by at least twenty-five 
Honorary and Active Members in good standing. 

SECTION 3. Upon receipt of such a petition with a sufficient number of valid signatures, the 
President shal] advise the Council and the officer or committee involved. 

SECTION 4. Should the officer or committee involved be unwilling to comply with the petition, 
it, together with a discussion by the proposer and the officer or committee involved, shall be published 
in the next issue of the Society’s journal. 

SECTION 5. Within thirty days after publication in the journal, the petition shall be submitted 
to the membership by mail ballot by the President. A majority of the ballots returned within thirty 
days after being mailed by the President shall be decisive. Should the vote favor the petition, it shall 
be complied with, within the limitations imposed by the Constitution and Bylaws, as promptly as 
practicable, 


ARTICLE XVII. ByLAws 


SECTION 1. The Council shall make such Bylaws not in conflict with the Constitution, as it may 
deem necessary for the proper government of the Society. The Council may amend the Bylaws at the 
annual joint meeting by an affirmative vote of two-thirds of the members of the incoming Council 
present. All proposed amendments must, however, be published in the Society’s journal before being 
submitted to the Council. 
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ARTICLE XVIII. AMENDMENTS TO THE CONSTITUTION 


SEcTION 1. Amendments to this Constitution may be proposed by any ten members of the 
Society, by any officer of the Society, or by a Constitutional Committee appointed by the President. 

SECTION 2. Any proposed amendment shall be submitted to the President in time for publication 
in the Society’s journal prior to the Annual Meeting. 

SECTION 3. At the annual joint meeting of the Council, all proposed amendments received since 
the previous Annual Meeting, shall be considered. Those receiving approval from a majority of the 
members of the incoming Council present shall be submitted by mail ballot, arranged by the Secretary- 
Treasurer, to the entire membership of the Society within sixty days. If a majority of the ballots 
returned within sixty days of their mailing favor the proposed amendment, it shall become effective at 
the expiration of this sixty days. All amendments shall be reported in the Society’s journal. 


BYLAWS 
(As amended to July 16, 1954) 
Article I. Publications Article VI. Expulsion of Members 
Article II. Election of Honorary Members Article VII. Election of Officers 
Article III. Election of Active, Associate and Article VIII. Local Sections 
Student Members Article IX. Finances of Local Sections 
Article IV. Dues Article X. Standing Committees 


Article V. Resignation of Members 


ARTICLE I. PUBLICATIONS 


SECTION 1. The Society shall publish a journal entitled Gropuysics. 

SECTION 2. The journal shall be published at intervals designated by the Executive Committee. 

SECTION 3. All reports to the Society by its officers and committees shall be published in the 
journal. All members of the Society shall be presumed to have due notice of all Society matters pub- 
lished in the journal. Each issue shall contain a membership list of all standing and special Com- 
mittees. 

SECTION 4. Original papers, reviews, abstracts, notes or letters containing information deemed 
by the Editor to be of interest to the members of the Society shall be published in the journal. The 
Editor shall be the sole judge of whether such material is to be published. 

SECTION 5. The subscription rate of the journal shall be $9.00 ($9.50 foreign) per year to non- 
members and $4.50 per year to members. The first $4.50 of the annual dues of each dues paying mem- 
ber shall be set aside for the payment of his subscription to the journal. Members of affiliated societies 
shall be entitled to receive the journal upon payment of a fee equivalent to the dues charged to an 
associate member. 

SecTION 6. The Council may at its annual joint meeting authorize the printing of special publica- 
tions to be financed and distributed in a manner approved by the Council. 


ARTICLE II. ELECTION oF HONORARY MEMBERS 


SECTION 1. The Standing Committee on Honors and Awards may submit to the President ninety 
days before the Annual Meeting the names of any person or persons they deem eligible to election as 
an Honorary Member. Their report shall explain the basis of their recommendation. 

SECTION 2. The President shall submit copies of any such reports to all members of the Council 
not less than sixty days before the Annual Meeting. 

SECTION 3. The Council members shall consider all such reports and vote by mail thirty days 
before the Annual Meeting. Unanimous action by those voting shall be required to elect any person 
as an Honorary Member. 
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ARTICLE III, ELection To AcTIVE, ASSOCIATE, AND STUDENT MEMBERSHIP 


SECTION 1. An applicant for election to Active, Associate, or Student Membership shall submit 
to the business manager of the Society an application setting forth in detail his education and experi- 
ence. The application shall list the names and present addresses of persons who can verify the state- 
ments given therein. It shall list not less than three Active Members or Honorary Members of the 
Society, in good standing, who are personally acquainted with the training or experience of the 
applicant. This application shall be open to inspection at any time. 

SECTION 2. The Executive Committee may waive the requirement of references from members of 
the Society for geographical or other reasons, if the applicant is otherwise eligible and furnishes other 
satisfactory references. 

SECTION 3. The business manager shall write to all references for verification of the applicant’s 
statements. All replies from references shall be considered confidential and shall not be disclosed ex- 
cept to the Executive Committee, without the references’ prior written consent. 

SECTION 4. The name of each applicant for Active membership shall be published in the next 
regular issue of the Society’s journal for approval by the membership at large. If no objection is re- 
ceived within thirty days after this publication, the applicant shall be deemed approved by the mem- 
bership at large. 

SECTION 5. An applicant for Active or Associate membership must be approved by a majority 
of the Executive Committee. An applicant for Student membership must be approved by the Secre- 
tary-Treasurer. 

SECTION 6. When an applicant has been approved, he shall be notified in writing by the Business 
Manager. If he fails to make payment of full annual dues within four months after such notification, 
the Executive Committee may rescind his election. His membership shall date from the first day of 
the calendar year in which he makes his initial payment of dues and he shall receive the regular Soci- 
ety publications for that year. 

SECTION 7. An Associate or Student Member may seek transfer to Active Membership by supply- 
ing added information to show that he has become eligible to election to Active Membership. The 
transfer shall be handled in the same manner as election to Active Membership. The Standing Com- 
mittee on Membership may of its own initiative secure the necessary added information and submit 
it to the Executive Committee. 


ARTICLE IV. DuEs 


SEcTION 1. Honorary members shall not be required to pay dues and shall receive the journal 
and other publications without charge. 

SECTION 2. The annual dues of an Active or Associate Member of the Society shall be seven dol- 
lars and fifty cents ($7.50), which includes the cost of one subscription to the Society’s journal. 

SECTION 3. The annual dues of a Student Member of the Society shall be four dollars and fifty 
cents ($4.50), which includes the cost of one subscription to the Society’s journal. 

SECTION 4. Annual dues shall be payable in advance on January 1 of the calendar year. A bill 
shall be mailed toeach Active, Associate, or Student Member before that date, stating the amount 
of annyal dues and the penalty for default. The Society’s journal shall be withheld from members 
pending payment of dues, and Active Members failing to pay by ten days prior to the Annual Meeting 
shall have their votes in the annual mail ballot disqualified. Members in arrears shall lose all privileges 
of membership until such arrears are met. 


ARTICLE V. RESIGNATION OF MEMBERS 


Section 1. Any member of the Society may resign at any time. Such resignation shall be sub- 
mitted in writing to the Council. 

SECTION 2. Any member who resigns under the provisions of Section 1 of this Article ceases to 
have any rights in the Society and ceases to incur further indebtedness to the Society. 

SEcTION 3. Any person who has ceased to be a member under Section 1 of this Article may be re- 
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instated by unanimous vote of the Executive Committee subject to the payment of any outstanding 
dues and obligations which were incurred prior to the date when he ceased to be a member of the 
Society. 


ARTICLE VI. ExPuLSION OF MEMBERS 


Section 1. Any member who fails to pay his dues by the last day of the calendar year shall be 
automatically suspended from membership on that day. While he is suspended, he shall have no 
rights in the Society and shall not be charged any dues. 

SECTION 2. A member who has been suspended more than one year shall be dropped from the 
Society by the Executive Committee. 

SECTION 3. A suspended member will automatically be reinstated by payment of outstanding 
dues and obligations and the dues for the current calendar year. 

Section 4. A member who has been dropped under the provisions of Section 2 of this Article may 
be reinstated by a majority vote of the Executive Committee subject to the payment of outstanding 
dues and obligations and the dues for the current calendar year. 

SEecTION 5. Any member who, after being granted a hearing by the Executive Committee, shall 
be found guilty of a violation of the established principles of professional ethics, or shall be found 
guilty of having made a false or misleading statement in his application for membership in the Society, 
shall be asked to resign from the Society by unanimous vote of the Executive Committee. The decision 
of the Executive Committee in all matters pertaining to the interpretation and execution of the pro- 
visions of this section shall be final. 


ARTICLE VII. ELECTION OF OFFICERS 


SECTION 1. The Standing Committee on Nominations shall consist of the President, the Past 
President, and the Prior Past President. 

SECTION 2. The Standing Committee on Nominations shall nominate two or more candidates 
for each office to be filled. They must secure the consent of all candidates nominated. 

SECTION 3. The Standing Committee on Nominations must submit their ticket to the President 
in time for publication in the April issue of the Society’s journal. 

SECTION 4. Prior to June 1, nominations in writing, signed by at least twenty Honorary Members 
or Active Members in good standing and accompanied by the written consent of the candidate, may 
be submitted to the President. 

SECTION 5. Between June 1 and June 15, the Business Manager will prepare and mail to each 
member eligible to vote, a ballot listing all candidates properly nominated for each office. With each 
ballot, the business manager shall send an official envelope having the member’s name on the back. 

SECTION 6. The Standing Committee on Nominations shall appoint a committee of tellers to 
count the ballots. 

SECTION 7. Each member voting may cast one vote for each officer and shall return his ballot 
to the business manager in the official envelope carrying on the outside the written signature of the 
member submitting the ballot. Only ballots so prepared by members in good standing, and received 
by the business manager at his officially recognized address not later than July 31, shall be valid. 

SEecTION 8. The business manager shall indicate which ballots are valid, and shall delfver all 
ballots unopened to the tellers after August 1. The candidate receiving the greatest number of valid 
votes cast for an office shall be declared elected to that office. In case of a tie, the Standing Committee 
on Nominations shall decide by a secret vote which of the candidates shall be elected. Results of the 
mail ballot shall be communicated to all candidates by the nominating committee on or before 
August 15. 

ARTICLE VIII. Locat SEcTIons 


SECTION 1. Upon petition of twenty members in good standing residing within an appropriate 
distance of a central point, the Council may authorize the formation of a Local Section and assign a 
specific territory to the Local Section. The Council may decline to authorize the formation of a Local 
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Section when in its judgment such an organization would not be compatible with the interests of the 
Society. 

SECTION 2. In the organizing meeting of the section, all members of the Society residing in the 
territory assigned by the Council to the section shall be eligible to vote. 

SECTION 3. The section shall be known as “The (name of place) Section of the Society of Explora- 
tion Geophysicists.” 

SEcTION 4. The principal work of a section shall be the holding of regular meetings for the pres- 
entation and discussion of papers of interest to its members. 

SECTION 5. The section shall adopt bylaws which must be approved by the Council of the So- 
ciety and shall be consistent with the Constitution and Bylaws of the Society. 

SECTION 6. The election of District Representatives by the Local Sections shall be by secret 
ballot. The term of office of a District Representative shall be two years; however, if the section is 
entitled to more than one representative, one of the representatives elected at the establishment of 
the section or added as the result of subsequent growth of the Section, shall be elected for a one year 
term if this is necessary to prevent the terms of all District Representatives from expiring simul- 
taneously. 

SECTION 7. District Representatives shall be elected at least three weeks prior to the Annual 
Meeting of the Society and shall take office at the close of the Annual Meeting. 

SEcTION 8. The Secretary of the Local Section shall submit to the Secretary-Treasurer of the 
Society a report of each meeting of the Local Section or its governing board within two weeks after 
the meeting. He shall submit to the Secretary-Treasurer of the Society the names of all officers and 
committee members within two weeks after their election or appointment. 

SEcTION 9. Any Local Section which for two consecutive years has among its membership fewer 
than twenty members in good standing of the Society shall automatically be dissolved by the Council 
at its annual joint meeting. The Council may at any time dissolve any Local Section for reasons it 
deems good and sufficient. 


ARTICLE IX. FINANCES OF LOCAL SECTIONS 


SECTION 1. The Society may, at the discretion of the Council, pay any portion of the necessary 
operating expenses of a Local Section up to the sum of the following amounts: (a) $100 per year; 
(b) $50 per meeting up to four meetings per year; (c) $0.50 per member of the Society. 

SECTION 2. The Treasurer of the Local Section shall forward, from time to time, his application 
for such portions of the sum provided in Section 1 as may be needed to the Secretary-Treasurer of the 
Society, who will arrange for the issuance of a check for the requested amount to the Treasurer of the 
Local Section. 

SECTION 3. Prior to the Annual Meeting, the Treasurer of each Local Section shall transmit to 
the Secretary-Treasurer of the Society, for approval by the Council, an itemized statement of the 
expenditure of the funds received from the Society during the preceding calendar year. 


SEcTION 4. Allocations to a Local Section for the year in which it is established shall be in pro- 


portion to the fraction of the calendar year remaining. 

SECTION 5. The Local Section may levy dues or raise funds in any other manner, subject to the 
approval of the Council. Payment of local dues shall, however, not be a prerequisite to participation 
in any activity financed wholly or in part with funds received from the Society. 


ARTICLE X. STANDING COMMITTEES 


SECTION 1. The Society shall have the following standing committees: (a) Standing Committee 
on Nominations; (b) Standing Committee on Membership; (c) Standing Committee on Honors and 
Awards; (d) Standing Committee on Publications; (e) one or more General Committees for the 
Annual Meetings; (f) Standing Committee on Education; (g) Standing Committee on Student Mem- 
bership; (h) Standing Committee on Distinguished Lectures; (i) Standing Committee on Radio 
Facilities; (j) Standing Committee on Reviews; (k) Standing Committee on Public Relations; (1) 
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Standing Committee on Publicity; (m) Standing Committee on Geophysical Activity; and (n) Stand- 
ing Committee on Safety. 

SECTION 2. Each standing committee shall have a chairman, appointed by the President unless 
otherwise specified in these Bylaws. The chairman shall submit a report to the President of the So- 
ciety at such intervals as the chairman may deem advisable but at least quarterly. He shall submit 
to the Council at its annual joint meeting a report covering the activities of the committee since the 
previous Annual Meeting. 

SECTION 3. The Standing Committee on Nominations shall consist of the President who shali be 
chairman, the Past President, and Prior Past President. Its duties shall be to nominate candidates for 
officers, appoint tellers to count the ballots, and to declare the election of the officers as prescribed in 
Article VII of these Bylaws. 

SECTION 4. The Standing Committee on Membership shall consist cf three Active or Honorary 
Members appointed for a period of one year by the President immediately following the Annual 
Meeting. One of the members appointed shall have been a member the preceding year. The Commit- 
tee shall actively solicit applications for membership from those qualified. It shall work closely within 
the membership committees of the Local Sections. 

SECTION 5. The Standing Committee on Honors and Awards shall consist of five Active or 
Honorary Members, none of whom shall have been members of the Society less than five years. The 
senior member of the committee shall retire after the Annual Meeting. Vacancies shall be filled by the 
President. The Committee shall recommend candidates for election to Honorary Membership to the 
Council. The Committee shall recommend to the Council the establishment of honors and awards 
and shall recommend candidates for all established honors and awards of the Society to the Council. 

SECTION 6. The Standing Committee on Publications shall consist of five Active or Honorary 
Members who shall serve a two year term concurrent with the Editor and who shall be appointed 
by the Editor. The committee shall have the duty of advising and assisting the Editor. The Editor 
shall appoint the chairman of this committee. 

SECTION 7. The General Committee for the Annual Meeting to be held in a given year shall con- 
sist of a General Chairman and such additional persons as he may deem desirable. The General Chair- 
man shall be appointed by the President with the concurrence of the Vice-President one or more 
years in advance of the Annual Meeting for which he is responsible and shall serve until the comple- 
tion of all business related to the Annual Meeting. The other members of the General Committee, the 
Chairman and members of any Committees to handle specific phases of the Annual Meeting shall be 
appointed by the General Chairman. The General Committee for the Annual Meeting shall have the 
duty of arranging and holding the Annual Meeting at a time and place designated by the Executive 
Committee. 

SECTION 8. The Standing Committee on Education shall consist of five persons appointed for 
one year by the President. The chairman shall be an Active or Honorary Member. The committee 
shall promote effective geophysical education. 

SECTION 9. The Standing Committee on Student Membership shall consist of five persons ap- 
pointed for one year by the President. The chairman shall be an Active or Honorary Member. The 
committee shall encourage the interest of students in geophysics and the Society. 

SECTION 10. The Standing Committee on Distinguished Lectures shall consist of six persons ap- 
pointed for three years by the President. The two senior members of the committee shall retire after 
the Annual Meeting. The chairman of the committee shall be appointed for one year by the President, 
and shall be an Active or Honorary Member. The committee shall obtain distinguished lecturers in 
geophysics and plan and supervise tours by these lecturers to the Local Sections of the Society and 
other participating organizations. 

SECTION 11. The Standing Committee on Radio Facilities shall consist of from 5 to 15 Active or 
Honorary Members appointed for one year by the President. The committee shall, upon request from 
its chairman, determine the opinions of the members of the geophysical industry concerning matters 
pertaining to the use of radio in geophysics. 

SECTION 12. The Standing Committee on Reviews shall consist of from 5 to 10 members who 
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need not be Active Members of the Society. The members and the chairman shall serve a two year 
term concurrent with the Editor and shall be appointed by the Editor. The committee shall prepare 
reviews of current geophysical literature for publication in GEOPHysICcs. 

SECTION 13. The Standing Committee on Public Relations shall consist of a chairman, appointed 
for one year by the President, and such additional members, appointed for one year by the chairman, 
as he may deem desirable. The committee shall advise the officers and Council of the Society con- 
cerning matters pertaining to public relations, shall recommend public relations policy, and shall 
carry out projects to promote good public relations. 

SECTION 14. The Standing Committee on Publicity shall consist of a chairman, appointed for one 
year by the President, and such additional members, appointed for one year by the chairman, as he 
may deem desirable. The committee shall prepare and arrange for the distribution of suitable publicity 
material for the press, radio, and other appropriate media. 

SECTION 15. The Standing Committee on Geophysical Activity shall consist of four or more 
Active or Honorary Members of the Society appointed for a term of one year by the President. The 
committee shall conduct an annual survey of geophysical activities throughout the world. This report 
shall be presented before the Society at its Annual Meeting and published in the January issue of 
Gropuysics. It may be made available for publication in leading trade journals for release at the 
time of the annual meeting. 

SECTION 16. The Standing Committee on Safety shall consist of a chairman, appointed for one 
year by the President, and such additional members, appointed for one year by the chairman, as he 
may deem desirable. The committee shall recommend safety policy and shall carry out projects to 
promote safety in geophysical operations. 
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TEXAS SEISMOGRAPH CO. 
PANHANDLE BLDG. WICHITA FALLS, TEXAS 
JOURNAL OF APPLIED PHYSICS 
This is a monthly journal designed particularly for those applying physics 
in industry and in other sciences. It publishes reviews of recent progress in 
applied physics, original research papers, news, and advertisements. 
| Tv 
Subscription Price Foreign a), 
To members of American Institute of Physics ......$10.00 $11.00 ' 
12.00 14.00 Som 
Single copies—$1.50 new 
hesit 
Address Lina 
AMERICAN INSTITUTE OF PHYSICS Pe 
i 57 East 55 Street New York 22, N.Y. Ths 
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OGRA pine 


Some seismographers have wanted to use the 


new two-records-at-once technique but have 


hesitated. There wasn't any dual-wound Kodak 
Linagraph Paper. How could they afford to risk 
their shots on any less predictable paper? Now 
they need hesitate no longer. a 

Tse new dual-wound Kodak Linagraph 1350 
Poper has its two emulsions balanced to give 
equal density on both records. The top, “aged is 


Two records atonce— 
and on nothing less than Kodak Linagraph Paper! 


EASTMAN KODAK COMPANY, Rachester 4, N.Y. 


thin. (newly developed “high-strength 
base) so that the bottom record shall be good 
and sharp. Both emulsions stand up to de- 
veloper temperatures as high as 120 F. Kodak 
Linagraph 1350 Paper comes in the new slip- 
cover record-shipping-and-storing cans in 100- 
foot rolls of 15cm, 6”, 7”, 8”, and 10” widths. 
Other widths on from: 
dealer, 


26 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


CONFIDENTIAL 


SHIPPE 
FROM STOCK 


A metal cabinet map file—with 
locking doors. 112 tilting tubes. 
Easy to file and find maps, 
tracings to 60”. 


PATENT NO. 1610368. Other Patents Pending. 


SCOTT-RICE COMPANY 


610 S. Main Tulsa 3, Okla. 


FIFTIETH ANNIVERSARY 
Economic Geology 


1905-1955 


(in two parts) 


This publication will comprise some 30 review papers 
by specialists in their fields, on wide phases of eco- 
nomic geology, including ore deposits and ore genesis, 
sedimentary deposits of rare metals, uranium deposi- 
tion, coal petrology, time of oil and gas accumula- 
tion, light weight aggregates, ore deposits formed by 
lateritic processes, pegmatite deposits, carbonate 
mineralogy of limestones and dolomites, engineering 
geology, influence of geological factors on the me- 
chanical properties of sediments, geochemistry and 
geophysics in prospecting, wall-rock alteration, metallo- 
genetic epochs and provinces, mineral synthesis, minor 
elements in ore minerals, developments in clay min- 
eralogy and technology, temperature in and near in- 
trusions, and other important topics of interest to 
the professions of geology, mining and engineering. 
All of the authors are specialists in their field, and 
will present a critical and stimulating review of the 
literature. 


This publication will appear in two parts or volumes 
in the late fall of 1955. Pre-publication orders will 
be at a price less than post-publication price. Price 
will be announced but will be approximately at cost. 
Advance orders or expressions of interest are invited. 


Address: Economie Geology Publishing Company 
105 Natural Resources Building 
Urbana, Illinois 


For Safe, Efficient, 
Economical Drilling 


Specify 


SPANG 


CABLE TOOLS 
“The Higher Standard” 


Spang Cable Tools 
stand out as the top 
performers their 
field for: 


@ Shot Hole Drilling 
® Geological 
Exploration 


@ Petroleum 
Production 


© All types of Cable 
and Churn Tool 
Drilling 


Try Spang today! 
CABLE 


P A N TOOLS 


SPANG & COMPANY, BUTLER, PA. 


For Sale by Dealers Everywhere 


GEOPHYSICS 


A Journal of General and Applied Geophysics 


Published Quarterly by 
SOCIETY OF EXPLORATION 
GEOPHYSICISTS 
624 South Cheyenne Ave., Tulsa 3, Oklahoma 
@ The official journal of an international group 

of prospecting geophysicists 


@ Devoted to current problems in seismograph, 
gravity, magnetic and other methods of geo- 
physical prospecting for oil and other minerals 


@ Covers geophysical instrumentation 


SUBSCRIPTION RATES 


ONE YEAR (4 issues) $9.00, foreign $9.50 
AAPG MEMBERS: $7.50 AND $8.00 


Price list of back issues supplied on request 


Please mention GropHysics when answering advertisers 
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Griffin-designed Vacuum Unit 
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Ever-Tite Hose Couplings 
Rockwood Valves 

American Wire Rope 

Ramsey Winches 

Suction Hose 

Woter Cans 

Power Take-offs 

Clearance Lights 

Mirro Flares 

Tail Chains 

Fire Extinguishers 

Snatch Blocks 

Hydraulic Jacks 

First Aid Kits 

Axes 

Loading Poles 

Shearing and Forming Steel 


O 


Write for our new illustrated catalcim 


Whatever your needs, contact Griffin for prompt service. 


ur TANK & WELDING SERVICE 


3031 ELM STREET e DALLAS, TEXAS 


EQUIPMENT 


Water. Trucks 

Explosive Trucks 

Hole Loading Machines 

Power Reel Line Trucks 

Recording Truck Bodies 

Portable Slush Pits =: 

Instrument Cabinets and Boxes 

Exhaust Diverters 

Portable Dynamite Storage 
Magazines 

Portable Cap Storage Magazines 

Skid Mounted Trucks. 

Surveying Equipment 

Portable Tool Houses 

Vacuum Units 

Quick Opening Tank Valves 

Suction Hose Screens © 


Dust deflector by Griffin 
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MAYHEW 
PORTABLE 


conditions, to be outstanding in both perform- 


ROTARY 


DRILLING 


Home 
Office 


ance and overall cost. Whether it be shot hole or 


Sad 


=~ 
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Highly mobile, rugged, and versatile every model 


of Mayhew Drills has proved, under all operating 


exploration drilling, coring, or sampling there 1s 


RIGS a Mayhew Drill to meet your requirements. 


MAYHEW SUPPLY CO., INC. 
4700 SCYENE ROAD, DALLAS, TEXAS 


Branches 


LUBBOCK, TEXAS; TULSA, OKLAHOMA; CASPER, WYOMING; 
SIDNEY, MONTANA; GRAND JUNCTION, COLORADO 


EXPLORATION EQUIPMENT CO., INC., Houston, Texas 


Canada 


SEISMIC SERVICE SUPPLY, LTD., Calgary, Alta. 


Export 


IDECO—Headquarters: Dallas, Texas, P. O. Box 1331 
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how to develop the hest Magnetic Recording Test 
Movable heads are now available on = 
the Ampex Magnetic Tape Drum Recorder. 
Combined with other magnetic tape advantages, 
they provide new scope to the geophysical 
group that is seeking better techniques. Se 
setting of the channels, templates can =. = 
be used. Various mechanical or elec- ‘ 
trical controls can be adapted to 
move the heads. 


Ampex offers you the most ex- 
perience in magnetic recording 


Ampex's Model 700 Seismic Drum Re- 


corder is already in use by many Ee! 
major oil and exploration companies. = 
Development of these recorders drew ses 
on Ampex's experience in designing EH 
Time corrections between chan- _ hundreds of models and modifications 3 


nels can increase the seismic in- for various other instrumentation uses 


formation obtained. (including early seismic recorders). 
Movable heads can correct for the g 
weathered layer, for stepout, or for : S352 ; 
other factors. Then large numbers of 
channels can be mixed to cancel seis- ==> 
mic noise and strengthen the reflec- =22.=== 
tions. Also, various correlation tech- 
niques become feasible and useful. =e 
Head seftings can be made indi- 
vidually or in patterns SSS eee 
The Ampex movable heads can be SESS eS 
set to + 1 millisecond accuracy, and Sp pas 
have a maximum spread of 200 milli- SSR SESS : 
seconds (= 100 ms). For simultaneous 
Ampex Model 700 Magnetic Tape Seismic Drum = 
Recorder in field use. >= 
For full specifications and description, write Dept. X-1899 SSS , 
CORPORATION 934 CHARTER STREET 
REDWOOD CITY, CALIFORNIA sare 
DISTRIBUTORS: 
Southwestern Engineering & Equipment, Dallas and = SSaz- : 
Houston; Bing Crosby Enterprises, Los Angeles; SS ee ES i 
Radio Shack, Boston; Canadian General Electric 
Company in Canada. 
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K=2 conquest called 
for WORDEN portability. 


In the conquest of K-2, the Worden Gravity 
Meter, manufactured exclusively by HTL, again 
proved dependable and accurate. The Italian Al- 
pine Club which scaled K-2 (Mount Godwin 
Austen in Pakistan) in July, 1954, used a Worden 
Gravity Meter for accurate gravity observations. 
In one of the world’s most daring mountain ex- 
peditions, the choice of the Worden meter was 
a natural one because of its small compact size, 
its reliability and ruggedness. 


Internally compensated for temperature changes, 
the easy-to-carry Worden Meter requires no ex- 
ternal power source or other cumbersome acces- 
sories. Its sealed, quartz spring system also makes 
it unnecessary to compensate for barometric 
changes. 


Write for Bulletin GM-201 covering the standard meter, 
or Bulletin GM-202 describing the geodetic model. 


HOUSTON TECHNICAL LABORATORIES 


A SUBSIDIARY OF TEXAS INSTRUMENTS INCORPORATED 
2424 BRANARD ¢ HOUSTON 6, TEXAS. U.S.A. ¢ CABLE: HOULAB 
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has the frog to survive 


“equally wail on dry land or in the water. : 


_ Experience and the right equipment give 


Advanced Exploration crews the ability to 


‘work with equal efficiency on land or 


marine locations. When you need accurate, 


"dependable geological information, 


whatever your location, 


Advanced handle yous surveys. 


Poindexter F.R. H. L. Hegay : 


“ADVANCED EXPLORATION “COMPANY 


\ 
lps TON \S 


30 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


1947 


1948 


1948 


1949 


1949 


1950 


1951 


1951 


1951 


1954 


1954 


1955 


1955 


AVAILABLE PUBLICATIONS OF 


The American Association 
of Petroleum Geologists 


Comprehensive Index of the Publications of the A.A.P.G., 1917-1945. Com- 
piled by Daisy Winifred Heath. 603 pp. 6.75 x 9.50 inches, Cloth. To mem- 


Structure of Typical American Oil Fields. Vol. III. McCoy Memorial Vol- 
ume. 24 papers. 516 pp. 219 illus. Cloth. To members, $3.50 ..............- 


Appalachian Basin Ordovician Symposium. From August, 1948, Bulletin. 
264 pp. 72 illus. 6 x 9 inches. Cloth. To members, $1.50 .............++00- 


Possible Future Oil Provinces of the United States and Canada. 4th 
printing. From August, 1941, Bulletin. 154 pp., 83 figs. 6 x 9 inches. Paper. 


Problems of Petroleum Geology. 2d printing. Originally published, 1934. 43 
papers. 1,073 pp. 200 illus. 5.75 x 8.5 inches. Cloth. To members, $4.00 .... 


Structure of Typical American Oil Fields. Vols. I and II. Symposium on 
Relation of Oil Accumulation to Structure. 3d printing. Originally pub- 
lished, 1929. Vol. I: 510 pp., 190 illus., 6 x 9 inches, cloth, $3.00, Vol. II: 750 
pp., 235 illus., 6 x 9 inches, cloth, $4.00. Two volumes .........eseeeseeeees 


Possible Future Petroleum Provinces of North America. From February, 
1951, Bulletin. 360 pp., 153 figs. 6 x 9 inches. Cloth. To members, $2.50 ... 


Directory of Films and Slides of Possible Interest to Geologists (2d ed.). 
Compiled under direction of Committee on Applications of Geology. 39 
pp. 8.5 x 11 inches. Paper ........ jebncdasnetinavessnbededeaneneaein uss 


Geology of California (1933). By R. D. Reed. 355 pp, 58 figs., 26 tables. 
Structural Evolution of Southern California (1936). By R. D. Reed and 
J._S. Hollister. 157 pp., 57 figs., 14 photographs, 9-color tectonic map. Both 
offset reprinted. 5.5 x 8.5 inches. Clothbound together ..........sseceeecees 


Western Canada Sedimentary Basin. Symposium. 521 pp., 178 figs., 14 pls. 
13 papers are new, 17 reprinted from the Bulletin of last 4 years, most of 
which have been revised. 6.75 x 9.5 inches. Cloth. To members, $5.00 .... 


Geological Cross Section of Paleozoic Rocks: Central Mississippi to North- 
ern Michigan. Prepared under auspices of Geologic Names and Correla- 
tions Committee. 5 cross sections, vertical scale 500 feet to the inch. 29 
pp. of explanatory text, index. 8 x 10 inches. Pressboard, sections folded in 


Miocene Stratigraphy of California (1938). By Robert M. Kleinpell. 450 
pp., 14 figs., 22 pls., 18 tables. Offset reprinted. 5.5 x 85 inches. Cloth. 


Stratigraphic Type Oil Fields (1941). 37 papers. 902 pp., 304 figs., 3 pls. 
Offset reprinted. 5.5 x 8.5 inches. Cloth. To members, $4.50 ............+- 


Bulletin of The American Association of Petroleum Geologists. Official monthly 


publication. Each number, approximately 150 pages of articles, maps, dis- 
cussions, reviews, Annual subscription, $18.00 (outside United States, 
$19.00). Descriptive price list of back numbers on request. 


(Prices, postpaid. Write for discount to colleges and public libraries.) 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA 1, OKLAHOMA, U.S.A. 
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This chart shows that when our contract is with 
General the percentage for successful exploration is 
in our favor. It shows completions, and you can see 
from it what happened when we started using Gen- 
eral Geophysical Company. General’s background in 
all phases of geophysical exploration qualifies them 
to do our work anywhere. Their knowledge, expe- 
rience, accuracy and dependability are unsurpassed. 
| say, let's keep going with a winning team and con- 
tinue to give our exploration contracts to General. 


_ GEOPHYSICAL COMPANY 
HOUSTON CLUB BUILDING + HOUSTON, TEXAS 


WHEN YOUR CONTRACT IS WITH GENERAL—THE PERCENTAGE 
FOR SUCCESSFUL EXPLORATION !S IN YOUR FAVOR. 
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e An easily read, clearly illustrated text on 


Modern Geophysical Techniques 


\.__ FOR OIL, URANIUM AND OTHER MINERALS 


EXPLORATION GEOPHYSICS 


by J. J. Jakosky, Sc. D. 


In 1200 pages and with 707 Thirteen fact-packed chapters 
illustrations, the 1950 revised fully cover all contemporary 
Exploration Geophysics methods; plus permit, trespass 
covers the entire field of and insurance problems. A 
basic textbook for every 

geologist, geophysicist, engi- 
neer and physicist concerned 


an internationally known geo- 
physicist, in close collabora- with exploration, well logging 


tion with 39 other leading and production. Adopted by 
authorities. many leading universities. 
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Send your money order or check for $12.50 for a copy of Exploration Geophysics on 
5-day approval. If you are not fuily satisfied, merely return the book in its original 
condition and your money will be promptly refunded. 

TRIJA PUBLISHING COMPANY, TRIJA BUILDING, LOS ANGELES 24, CALIFORNIA 
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THE GEOPHYSICAL SOCIETY OF TULSA 


announces the new publication of 


THE PROCEEDINGS OF THE GEOPHYSICAL SOCIETY OF TULSA 
Vol. 2. Co-operation of Geology & Geophysics 


In addition to reporting on the activities of the society for the 1953-1954 period, this volume, 
like its predecessor, contains a number of original papers of interest to all geophysicists. 
In this case they are concerned with examples of geological and geophysical co-operation, 
successful in petroleum exploration. 


There are still undistributed a small number of copies of 


Vol. I. Joseph A. Sharpe Memorial 


The original papers in this first volume are concerned with the magnetic susceptibility 
and density of rocks. A wealth of experimental data is presented. 


PRICE OF EITHER VOLUME $2.00 (INCLUDES POSTAGE) 


Address: 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
624 S. Cheyenne, Tulsa, Oklahoma 
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EUROPEAN ASSOCIATION 


OF 
EXPLORATION GEOPHYSICISTS 


The E.A.E.G. was founded in December 1951 


The aims of the Association are to promote the science of exploration geophysics by 
establishing contacts and encouraging co-operation and fellowship between geo- 
physicists in Europe and elsewhere and by disseminating knowledge of the science 
through the agency of regular meetings and the publication of technical papers. 


MEMBERSHIP 


Active Members pay an annual membership fee of Neth. fls. 15.—, increased by 
Neth. fis. 0.50 collecting charges. In U.S. currency this charge amounts to $4.10. 


Prospective Members. Anybody interested in geophysics can apply for membership 
by sending in an Application Form, duly filled out. Forms will gladly be supplied 
by the Secretary-Treasurer of the E.A.E.G. but may also be obtained through the 
kind assistance of the Business Manager of the S.E.G. 


GEOPHYSICAL PROSPECTING 


Official Journal of the European Association of 
Exploration Geophysicists 


This journal is issued quarterly and contains articles written in English, French or 
German. English, however, is predominant and each article is preceded by an abstract 
in that language. 


Active members receive the journal free of charge. 


The Subscription Rate for non-members is Neth. fls. 22—(U.S. $5.80) per annum. 
Single copies are available at Neth. fls. 6—(U.S. $1.60). These rates include pack- 
ing and postage and are payable in advance. 


In accordance with the Terms of Affiliation with the Society of Exploration 
Geophysicists, members of that Society may enter a current subscription to the 
journal for the normal membership fee. 


With the exception of the March 1953 issue (Vol. I, No. 1), which is out of print, 
a limited quantity of previous issues is still available at N.Fls. 22.—(U.S. $5.80) 
per volume or N.Fls. 6.—(U.S. $1.60) per single copy. 


All communications fo be directed fo: 


THE SECRETARY-TREASURER E.A.E.G. 
30,C. VANBYLANDTLAAN THEHAGUE #£=NETHERLANDS 
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FULL AND 
HALF CABS 


j KOENIG ALL-STEEL CABS HAVE THESE SUPERIOR FEATURES: 

Protection—Complete protec- © Comfort—F ull panel-board 

} tion in all kinds of weather head lining and masonite door 

| by I —_ cargo protected lining . . . no vibration. 

© Safety—All-steel, welded con- @ Convenience—Roll-down win- 
struction. No rivets . . . safety dows, full opening. 


glass throughout. 


| 
| King Winch on R-140 and R-160 International P.T.0.-driven King Winch on Willys Jeep 


1 KING WINCHES FOR KING-SIZE PULLING JOBS 


For all Willys Jeeps, trucks and 4x4 station wag- 
ons... also for Ford, Chevrolet, International and 
Dodge trucks. 

King Winches keep you moving through the 
| most difficult terrain ... you get action where there’s 
| no traction with dependable pull power designed 
| to fit specific pull and hoist needs. Koenig power 
| winches have pull capacities of 8,000 to 19,000 Ibs. 


Koenig Jeep cabs and King Winches for 
Willys vehicles are available through 
Willys Motors, Inc., and Willys-Over- 
land Export Corp. distributors or deal- 
ers. Write for free descriptive literature. 


IRON WORKS, In 
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RUSKA 

Scout 
Magnetometer 
IMPROVED AGAIN! 


The new Model S2 Scout Magnetom- . 
eter is faster to operate, lighter, more 
compact and still more reliable than 
Model S1. Temperature-compensated 
system with sapphire knife-edge. No 
increase in price. 


Other magnetic instruments manu- 
factured by Ruska Instrument Cor- ae 
poration: 


Vertical and Horizontal Field Balances 
Recording Field Balances 
Absolute Observatory Magnetometers 
Earth Inductors or Inclinatoriums 
Standard Magnetographs 
Rapid Run Magnetographs 
Telerecording Magnetographs 
Magnetic Expedition Instruments 
Astatic Magnetometers 


RUSKA 
INSTRUMENT 
CORPORATION 


Makers of Scientific Instruments 
4607 Montrose Blvd. © Houston 6, Texas 


Please mention GrorpHysics when answering advertisers 
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- something 


in SEISMIC 
| EXPLORATION 


| A successful and practical application 
of new techniques using an “integrating, 
recorder’ in combination with a falling 
weight to give clearer pictures in hard 
to map areas . . . quicker, easier, more 


economical than conventional methods, 


1025 S. Shepherd Drive Houston, Texas 
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GLAND 


SUPER SERVICE PISTON 


VALVE 
SILVER TOP 
VALVE 


SUPER SERVICE 
LINER 


ONE PIECE 
SLIM HOLE 
SLIP 


EQUIP YOUR DRILLING RIGS WITH THESE 

FAMOUS MISSION PRODUCTS. THEY ARE 

AVAILABLE THROUGH ALL GEOPHYSICAL 
AND OIL FIELD SUPPLY STORES 


Export office: 30 Rockefeller Plaza, New York 
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MAGNETIC, and 
GAMMA RADIATION 


SURVEYS 
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BIG SIZE 


SAVINGS 


SMALL SIZE PUMPS! 


‘Mac 


CLATCHIE GEOPHYSICAL PUMP PARTS 


For the fluid end of your small size 
geophysical pumps, here’s a quick line-up 
of MacClatchie replacement parts engi- 
neered to give you maximum dependable 
service under the tough conditions of ex- 
ploration work... 


MacClatchie Type Pump Piston 
—for general field serv- 
ice in all makes and sizes 
of pumps and for all rod 
tapers. Lip design of rub- 
bers allows expansion 
under fluid pressure, in- 

suring leak-proof operation. Piston easily 
renewed by replacing worn rubbers, using 
end plates and center spool over again. 


MacClatchie Type “FR” Pump Piston— 
A one-piece piston with no metal to touch 
the liner bore . . . no end plates . . . no lock 
rings . . . no separate body. The best piston 
available at an economy price—made in 
most popular sizes and rod tapers. 


MacClatchie Type “GS” Wing Guide 
Valve—Engineered with 
full opening value seat to 
permit free flow of cut- 
tings, heavy slurries and 


foreign material without ® 


sticking. Easily disas- 
a sembled to replace worn 
insert by removing single cap screw. 


MacClatchie Geo-Mac Valve—For Geophys- 

ical Service—This all new 

Geo-Mac Valve has no in- 

serts to replace, no snap 

rings or lock plates—just a 

pressure which at- 

tach to the valve body with 

a nut and bolt. The spe- 

cial hardened pressure plate 

takes no wear, therefore 

lasts indefinitely. Made of 

revolutionary new “Permac” rubber com- 

pound, the Geo-Mac withstands the tough- 

est service and is giving un- 
paralleled performance. 


MacClatchie Liners and Rods— 


MacClatchie one-piece hardened and 
honed liners are made from steel forgings, 
scientifically heat treated and _ mirror- 
honed. O.D. is machined for perfect fit. 
Chrome plated liners also available. 
MacClatchie Rods are made in all API 
and manufacturer's tapers of carburized 
and hardened alloy steel, ground to a 
smooth finish to prevent scoring and cor- 
rosion. Also available chrome plated. 
Furnished complete with rod and jam nut. 


Write for Descriptive Literature 
and Specifications 


MacCLATCHIE MANUFACTURING COMPANY 


A Subsidiary of Grant Oil Tool Co. 
MAIN OFFICE & PLANT: COMPTON, CALIFORNIA 
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There are these outstanding - 
geophysical organizations are using 
more than 280 complete SIE 

seismograph systems 


erg Exploration C oA 
Berg Geophysical Compan 


Broussard Exploration C | Exploration Compan 
Canadian Exploration Co ble Oil 8 Refining Company 
ian Gulf Co 


Sohio Petroleum Compa 
Southern Geophysical Compa 
Southwestern Consultants 


Comp: 


During the past ten years, leading exploration groups 


all over the world have chosen SIE Seismograph Systems to meet their 


exacting standards for petroleum exploration instrumentation. 


We are grateful for their patronage and believe this wide acceptance 
is founded on our efforts to maintain the highest standards of 
performance and reliability in every product we manufacture. 


May we suggest you contact the geophysicists associated with these 
firms for their candid opinions about their SIE equipment? 


SOUTHWESTERN INDUSTRIAL ELECTRONICS CO. 


2831 Post Oak Rd. ©@ P.O. Box 13058 @ Houston, Texas 


_ Brazos Exploration «Gulf Researc Exploration Company” mi. 
Electronic Logging & Vel mpany Co. .  Tidelands Geophysical Co,, hi 
re Geor ysical, | fexico Institute nger EX loration Compa 
Empire Velocity Servi nt, Mining & Tech nolo Universal Seismic St 


ANAAAA 


pavere 


FREQUENCY RESPONSE: Within 3 db from 10 
to 500 cps. Filtering as specified. 


LOW DISTORTION: Less than 1% from 10 


to 500 eps at 0.1 volt input. 
AGC CONTROL RANGE: 0.5 microvolt to 0.1 


volt input. (Three time-constants se- : 


lected from front panel.) 


GAIN CONTROL CIRCUITS: AGC, Expander, or 
simultaneous AGC-Expander operation. 


RECORD PRESENTATION: Single record. Dual 
output. Dual record. 


® First-Arrivals Unfiltered. 


© |ndividual Channel Paralleling and Test- 
ing Switches. 


Simplified Controls, 


Features essential to high-speed 
operation — available only on special 
order in many systems — are standard 
equipment in the G-22A, latest addi- 
tion to the SIE G Series instruments. 


New circuitry provides unmatched 
performance with all recording meth- 
ods while simplifying matching and 
operating procedures. 


AGC Time-Constants, mixing 
method and percentage, and type of 
record presentation can be selected 
from the front panel. Two attenuation 
rates on both high and low cut 
filters provide hundreds of filtering 
combinations. 


From the new self-biased AGC cir- 
cuit to the simplified control panel, 
the G-22A’s “field engineered” design 
combines practical operation with 


high flexibility. 


216-55 


Operations 


P.O. Box 13058 


SOUTHWESTERN INDUSTRIAL ELECTRONICS CO. 
2831 Post Oak Rd. 


Houston 19, Texas 
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Type 1210-B Unit R-C Oscillator (at right): $140 


N é W Type 1203-A Unit Power Supply: $40 


UNIT R-C Oscillator 
20 Cycles to 0.5 Me 


Supplies Both Square and Sine Waves 


Three Outputs: AVC System: fast response insures 
Low-Voltage, Low-Impedance (0 to constant output when line voltage 
7v, 502); constant within +1 db to fluctuates 
200 kc; less than 1% no-load distor- ee 

: justable and calibrated from 0 to 50 
1.5% over entire range; hum at least 
db 
60 db down 


Slow-Motion Frequency Control 
for small frequency increments; 
each decade covered by 414 turns of 


High-Voltage, High-Impedance (0 to 
45 v, 12.5 kQ), constant within +1 
db and less than 5% distortion at no 


load from 200 c to 20 kc (decreases to knob 

2.5% under load); hum at least 50 db Precision Dial can be motor driven 
below maximum output by Type 908-P Synchronous-Dial 
Square Waves (0 to 30 v peak-to-peak); Drives for automatic display of am- 
25002 output impedance; less than plitude-frequency characteristics 
0.25us rise time and 1% overshoot; enaceinigaiilaaas 

hum at least 60 db down Prices are net, FOB Cambridge 


or West Concord, Mass. 


GENERAL RADIO Company 


275 Massachusetts A nue, Cambridg 39, Massachusetts, U.S.A. 


90 West Street NEW YORK 6 

8055 13th St., Silver Spring, Md. WASHINGTON, D. C. 
1150 York Road, A )ington, Pa. PHILADELPHIA 

920 S. Michigan Ave. CHICAGO 5 

1000 N. Seward St. LOS ANGELES 38 
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.. plus 
skilled 
interpretation 


Reflection Seismic Surveys 


M. C. KELSEY 
E. F. McMULLIN 
J. F, ROLLINS 


6923 SNIDER PLAZA 
DALLAS, TEXAS 
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40040 
TRIAD low distortion, — 
high inductance 
input Geoformer 


* Geophysical Specifically designed to meet the most exacting 
Transformers geophysical requirements, these rugged units 
and Reactors are built and guaranteed by TRIAD, the 

symbol of quality in transformers. 

TRIAD Geoformers must meet rigid standards for 

uniformity, extreme low frequency response, 
shielding and small size—in addition to 
MIL-T-27 specifications. 

Let TRIAD’S engineers solve your special 
geophysical problem. For TRIAD’S complete 

4055 Redwood Ave. + Venice, Calif. listing of standard items, write for Catalog TR-55. 
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... part of every exploration progi am conducted by 


GEOPHYSICAL ASSOCIATES 


| G eophysical Associates’ policy provides one 
staff supervisor for every two parties. 

Each client therefore receives six supervisor 
months with every crew year. 


Closely supervised planning saves time on the 
prospect. Regular and frequent examination 
of the party’s progress solves field problems 
when they arise .... not when a line is reshot. 


Geophysical Associates’ large supervising staff 
results in an efficient, effective operation 
.... maintaining the highest professional 
standards in every part of your 

exploration program. 


GEOPHYSICAL 


HOUSTON, LAFAYETTE 
BILLINGS, CAR@MRY, 
EDMONTON 


foe CLOSE SUPERVISION ... 
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A PROVEN APPROA 


In its early applications to the geophysical problem, the 
Magnetic Mirragraph system was used simply to record 
broad-band seismic data for later playback and analysis 
using conventional methods such as filtering, mixing, etc. 
However, the usefulness of this new geophysical prospecting 
tool has been expanded tremendously during the past two 
years through the development of new techniques and 
methods by geophysicists who have had this Magnetic 
Mirragraph equipment at their disposal. 

Two important design features of the Magnetic Mirra- 
graph—the simple direct method of recording and the 
positive gear drive—enable new techniques such as com- | 
pounding, stacking, and dynamic move-out correction to be 
successfully employed. 

With sixty Mirragraph systems already placed among | 
eleven major oil companies and contractors, we believe 
there can be little question concerning the acceptance of this 
new prospecting method. 


Write for further information to 


— EXTEND OUR INVITATION TO VISIT US IN 
NVER IN OCTOBER—BOOTHS 20, 21, 30, 31 | 


6666 Lexington Avenue, Los Angeles 38, California * HOLLYWOOD 5-3304 
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From this command post, a seismic survey crew member 
records subsurface conditions by measuring the time of ad- 
vance of a wave front generated by an explosion of dynamite. 
Using specialized explosives, equipment, and methods, engi- 
neering seismology not only detects new oil reserves, but 
solves problems for highways, tunnels, buildings, and other 
construction projects—wherever a knowledge of subsurface 
conditions is vital. 

Hercules has been developing and manufacturing specialized 
types of explosives for over forty years. Its technical staff and 
service facilities are available to customers for help in select- 
ing the types of explosives and blasting methods best suited 
for efficient operations in mines, quarries, construction, and 
seismic exploration. 


HERCULES POWDER COMPANY 


Explosives Department, 908 King Street, Wilmington 99, Delaware 


Birmingham, Ala.; Chicago, Il].; Duluth, Minn.; Hazleton, Pa.; 
Joplin, Mo.; Los Angeles, Calif.; New York, N. Y.; Pittsburgh, Pz.; 
Salt Lake City, Utah; San Francisco, Calif. 
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are rotating 
around the world 


magneDISCS are operating as production equipment 

from Alaska to Africa, from Arabia to Australia. 

Field tests are history. Both truck and marine mounted magne- 
DISCS are paying off with unprecedented pro- 

duction . . . with maximum usable seismic 


data from minimum recordings. 


Transducer Unit showing the reco 
heads and pressure plates. 
Electrical Specifications 
input: .25 volts RMS or greater 
250,000 ohms for 100% modulation 
at of one percent distortion. 
Output: 70 millivolts RMS at 2200 
ohms ond 3 millivolts RMS at 100. 
modulation. 


ohms for 100 percent m 
Frequency Response: 
from 10 to €.p.5. 
Signal to Noise Ratio: - 
thos 46 db. using peak 
peak measurement. 
Recording Time: 5 § 
after Time 


magneDISCS mean moreDATA 


Houston Technical Laboratories is the first to de- 
velop a seismic magnetic recording system utilizing 
a plastic disc. The recording medium is 18%” in 
diameter and coated both sides with iron oxide 
over a durable Mylar base. 


Tradenamed magneDISC, HTL’s system is the 


most versatile means ever devised for recording 
the full seismic frequency spectrum, storing, and 
reproducing this information at will. Only the 
magneDISC offers these important advantages over 
any other existing system: 


1. 


2. 
. Greatly Increased Recording Head Life due to larger 


NN Mp w 


Greater Capacity — 100 data channels, with 12 program- 
ming channels. 


No Drop Outs or Timing Error due to plastic ripple. 


area of contact. 


. No Discontinuity — Shoot at any time. 
. Ease of Loading —- Unloading. 
. Can be readily adapted for sequential recording. 


Store Compactly. 


magneDISCS are available on either a lease or purchase basis. 


Write for Technical Bulletin No. S-307. 


HOUSTON TECHNICAL .LABORATORIES 


A SUBSIDIARY OF TEXAS INSTRUMENTS INCORPORATED 
2424 BRANARD HOUSTON 6, TEXAS. U.S.A. CABLE: HOULAB 
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MID-CONTINENT 


GEOPHYSICAL COMPANY 


Results 
wtthe 


Premium personnel 

* Latest type instruments 
* Newest techniques 

* Intensive supervision 


PAUL H. LEDYARD 
J. G. HARRELL 


2509 WEST BERRY 
FORT WORTH 


FORT WORTH, TEXAS 


SICAL 


i 
SEOPHYCIT DI (DMPA 
i FORT WORTH, TEXAS 
( FORT WORTH, TEXAS y) 
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When you're completing in open hole, and you want to really 
open up the formation for maximum production, then here’s 
the gun that really delivers the wallop you want... Lane-Wells 
G-3 KONESHOT GUN — the lightest, safest, most powerful 
gun for shaped-charge perforating in open hole. 

Runs in fast ... upon firing, the G-3 disappears in a blast 
of tiny fragments which can’t choke the hole or interfere with 
later operations. Safest because heat, pressure or well fluids 
cannot short out any shots... a// the charges go off, al the 
gun disintegrates. 
And, man! What penetration! 


AK-702 


4 
/, General Offices, Export Office, Plant + 5610 So. Soto St., Los Angeles 58 


LOS ANGELES » HOUSTON fe OKLAHOMA CITY » LANE-WELLS CANADIAN CO. IN CANADA + PETRO-TECH SERVICE CO. IN VENEZUELA 
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ELDER 


orta-Lam 


Complete Trailer Camps 


for your field crew... 
kitchens, diners, showers, 
offices, power plants, water 
tank and gasoline trailers, 
sleepers. 


@ Trailer camps moved to 
new locations. 


@ Special trailers built to your 
specifications. 


Write or call for 
complete information 
ELDER TRAILER 
and BODY, INC. 


1317 Thirteenth St. CHerry 4-4531 
Denver 4, Colorado 


AERO SERVICE CORP. 


(Mid-Continent) 


Affiliated with AERO SERVICE CORPORATION, PHILADELPHIA 


AEROMAGNETIC SURVEYS * 


and their interpretation 


TOPOGRAPHIC and PLANIMETRIC MAPS - AERIAL 
PHOTOGRAPHY + AERIAL PHOTOGRAPHIC 
MOSAICS PHOTOGEOLOGIC INTERPRETATION 
PIPELINE MAPPING 


1401 South Detroit Street, Tulsa, Okla. 
Phone 4-9159 - P.O. Box 58 


%* Conducted under license from GULF RESEARCH & DEVELOPMENT CO. 
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Throughout the world... wherever 


you plan to explore... you can 


on Rogers’ equipment, techniques 
and experience. And speaking of 


experience, Rogers’ crews have 
_more than 500 man-years of world- 


wide service in petroleum exploration. 


This proven record is your assurance 
of greater success in explocailad 
programs. So regardless of terrain 
or territory... remember Rogers 


for reliable results. 


3616 WEST ALABAMA = HOUSTON, TEXAS 
c rue de Richelieu 
; 
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The Type K TERROMETER 


™ REG, U. S. PAT. OFF. 


A GEOPHYSICAL 
INSTRUMENT 
FOR EXPLORING 
THE SUBSOIL 


Representing the most modern 
means for detecting the presence 
of buried or submerged masses 
of electrically conductive 
materials, such as gold, silver, 
copper, aluminum, brass, iron, 
lode and placer mineral 
deposits, etc. Economical 

and simple to operate. Highly 
sensitive. Moderately priced. 
Write for Bulletin T-115, which 
describes this most modern 
instrument for exploring the 
subsoil. 


“ENGINEERING RESEARCH CORPORATION 


Linwood at Dalzell 
Shreveport, Louisiana 


NEW PRICES 


For 


GEOPHYSICS 


Back Numbers 


By action of the Executive Committee the new prices for individual copies 
of GEOPHYSICS, effective immediately, are: 


$2.00 Per Copy to SEG Members 
$2.50 Per Copy to Others 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
624 South Cheyenne Tulsa, Oklahoma 
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dry! 


* “Calculated risk” is one thing . . . proven statistics quite 
another. National surveys now show that 9 out of every 10 wildcat 
wells drilled are dry! When gambling on wildcats, 
improve your chances for success—call on the experienced 


field and interpretation services of the Republic Exploration Company. 


A map of the U.S. showing major geological 
features is. now available to you. Write: Republic, 
Dept. R, Box 2208, Tulsa, Okla. 


REPUBLIC EXPLORATION COMPANY 


TULSA, OKLAHOMA @ MIDLAND, TEXAS 


Please mention GropHysics when answering advertisers 


i 
x 
| 
| 
| 
| 
| 
| 
| 
| 
at 
\ 


56 GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


For fast, thorough large area surveys, 
use the 


2-CYCLE 
refraction 


system 


especially designed for refraction work by HTL 


The new Houston Technical Laboratories VLF (very low 
frequency) seismic refraction system is especially useful in 
areas unworkable with the reflection method. The VLF re- 
fraction system can be used in petroleum exploration, min- 
ing surveys, civil engineering, and ground water location 
and is capable of covering large areas quickly. 


With excellent frequency response down to one cycle on 
the amplifiers and to two cycles on the seismometers, the 
VLF refraction system is exceptionally versatile in applica- 
tion. A combination of high cut filters provides a frequency 
cut-off range from 8 cps to 48 cps — low enough for good 
refraction work at extremely long ranges, yet high enough 
for all applications except those at extremely small ranges. 


Excellent first breaks have been received at a distance of 
five miles using only a five pound charge. 


Portability of the new VLF system is achieved through 
compact design of the 12-channel amplifier unit which 
measures 1614 x 16% x 8% inches and weighs only 42 
pounds. Two output signals from each amplifier channel 
are recorded on a standard HTL RS-8 recording oscillo- 
sph, with paper speed adjustable from 7 to 16 inches per 
second. 


be * For detailed information about the new VLF 
3 £ seismic refraction system, write for Bulletin 
No. $-308. 

mse 


HOUSTON TECHNICAL LABORATORIES 


A SUBSIDIARY OF TEXAS INSTRUMENTS INCORPORATED 
2424 BRANARD ¢ HOUSTON 6, TEXAS. U.S.A. ¢ CABLE: HOULAB 
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For years, in sub- INTERPRETATION 
surface studies of the domestic oil provinces . . . from 
Canada to the Gulf. Numerous innovations in instru- | 
mentation, interpretation, and field technique have 
kept SEI in the forefront. For example, in difficult 
areas, SEI has been a pioneer in the use of patterns 
of multiple shot holes and geophone arrays. 

Your exploration program is in capable hands at SEI. 


TECHNIQUE 


SEISMIC EXPLORATIONS INCORPORATED 


1017 SOUTH SHEPHERD ©@ HOUSTON, TEXAS 
Area Offices: Midland, Texas * Shreveport, Louisiana * Oklahoma City, Oklahoma ® Billings, Montana 
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The makers of “SCOTCH” Magnetic Tape 
offer the facilities of their new research center 


Do you have a geophysical problem which magnetic tape might 
help solve? Our researchers, who pioneered in the development of 
specialized tapes for the motion picture, recording, computing and 
telemetering industries, will be happy to place their services at your 
disposal. 

You are invited to submit field problems and questions to: 
Minnesota Mining and Manufacturing Company, St. Paul 6, Minnesota, 
addressed to the attention of Robert von Behren, Technical Director, 
Magnetic Products Division. 


ScoTcH Magnetic Tape 


BRAND 


The term “SCOTCH” and the plaid design are registered trademarks for Magnetic Tape made in U.S.A. by MINNESOTA 
MINING AND MANUFACTURING CO., St. Paul 6, Minn. Export Sales Office: 99 Park Avenue, New York 16, N.Y, 
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n the laboratory 


PROVEN IN THE FIELD 


MR- MAGNETIC RECORDING SYSTEM | 
FOR SEISMIC EXPLORATION 


A three year design and development program produced the 
Original concepts that led to the SIE MR-4 Magnetic Recording i 


System. Then intensive field experimentation and SIE’s unmatched ape. 
Signal-to-noise ratio: 46db peck 


manufacturing experience were combined to produce a final Holes | 

design of the MR-4 that meets every standard for accurate, ; ling circuit from 1 cps to 500 eS 

dependable, field service. cps. 
Superior Signal-To-Noise Ratio, Lowest Distortion Character- edt han 

istics, and outstanding Timing Accuracy combined with famous to 100 cps. | 

SIE field dependability, insure that the user of MR-4 equipment Distortion: Less than 1%. 4 

is ready for practical field operation from the day he takes : oy 

delivery. In use today in some of the world’s most difficult . Sdecifications 4 

seismic exploration areas, the MR-4 has proven its ability to Record S05 

satisfy the rigid requirements of the geophysical industry and 

joins its companion SIE geophysical instruments in establishing: Oe 


- Power Source: 12 volts DC a 
218-5 lhe Standard, of the Recorder Dimensions: 


SOUTHWESTERN INDUSTRIAL ELECTRONICS CO. 
2831 POST OAK RD. ® P.0O.BOX 13058 @ HOUSTON 19, TEXAS 


ven i 


- Our customers originate our designs 
seismic field equipment. Some want high- 
speed highway vehicles for fast-moving 


“hot-shot” crews. Others demand the ulti-— 


mate in tough, rugged equipment for 
dependable service in jungle, dese 

the mountains. 1 
Others have special requirements 
capacity power-driven reels like the SIE 
Marine Cable Reel pictured. ..Marsh Bug. 
es and other water equipment. : 
- But all of them demand SIE Metal Fabri 


“DESIGNED TO MEET 


REQUIREMENTS 


all c 


_ Whether your crews need standard 


ating Company construction quality and “Nides, or you have a unique problem 


ndar atures that have been 


eel or aluminum construction ... . call 


METAL FABRICATING COMPANY 


825 Post Oak Road —Houston, Texas 


| 
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Benefit by United’s experience in these countries... el: case 
ALASKA » ARGENTINA « BOLIVIA « BRAZIL « BRITISH ISLES : = 
CANADA « CHILI COLOMBIA « FRANCE IRAN NEW GUINEA 
STAN KUWAIT PERSIAN GULF « PERU PUERTO RICO 
TRINIDAD + TURKEY + UNITED STATES * VENEZUELA 


SEISMOGRAPH * GRAVIMETER * MAGNETOMETER 
P.O. BOX M, 1200 SOUTH MARENGO AVE., PASADENA 15 ¢ CALIFORNIA 


AREA OFFICES: PP Pasapena, CALIFORNIA 1200 S. Marengo Ave. 

DENVER, COLORADO 1554 California Ot HOUSTON, TEXAS 
1430 N. Rice Ave. CALGARY, ALBERTA, CANADA 531 8th Ave. West 
 cARACAS, VENEZUELA Apartado RIO DE JANEIRO, BRAZIL 
Rua Uruguaiana 118-9° Andar W™ PARIS, FRANCE 5 Rue Edeline, St. Cloud 
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th NORTH AMERICAN 


is unequaled for any under water survey because of its 
many operating advantages: 


@ ACCURACY 

@ DEPENDABILITY 

@ SIMPLE AUTOMATIC OPERATION 
@ MINIMUM PERSONNEL 

@ LESS COST PER STATION 


Manufacturers of Geophysical 
Equipment and Precision Apparatus \ 
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It is a known fact that geophysical instrumentation has 
advanced faster than geophysical interpretation. Due largely to 
the competitive efforts of specialized manufacturers, instru- 
mentation has made significant strides in the past ten years. 
Whereas, interpretation has not kept pace. 

Robert H. Ray Co. makes a concerted effort to remedy this 
inequity through progressive interpretive research. Men have 
been assigned to special projects devoted exclusively to such 
problems as velocities, migrations, and faults. Further, very 
close coordination with field parties is maintained at all times. 
Any interesting or peculiar interpretive problem encountered 
is referred directly to this research staff for review and study. 


Attaching the proper importance to all phases of geophysi- 
cal exploration — another reason why RHR remains high 


among the leaders! 


ROBERT H. RAY CO. 


2500 Bolsover Road 2 Houston 5, Texas 
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diminishes your risk { 


H AN N O V ER 


TELEX 023419 . PHONE 70831 
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the final result 
is the yardstick of cost 


When Petty handles your exploration job you'll get more and better data 

at the lowest possible cost because: 

© You have the benefit of 30 years of world wide experience. 

© You have the benefit of skilled men dedicated to their job — and yours. 

® You have the benefit of advanced equipment built to meet specific job con- 
ditions, thereby producing more reliable data and reducing over-all costs. 
Since it’s the final results that counts, count on Petty for maximum performance 


— the true yardstick of cost. 


GEOPHYSICAL 


ENGINEERING Co. 


SAN ANTONIO 5, TEXAS 
District Offices: Houston, Tulsa, Casper, Billings, Lafayette, Odessa 


SEISMIC GRAVITY MAGNETIC SURVEYS 3 
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COMMON SENSE is our BEST SALESMAN! 


Confronted with mounting exploration 
and drilling costs, it is more important 
today than ever before for the oil producer 
to increase his ratio of wildcat hits to 


misses. 


More than 100 case histories prove that 
RADOIL* surveys can materially increase 
the ratio of wildcat discoveries to dry holes. 


Isn’t it just plain common sense to put this 
modern exploration method to work for 
your own account before you invest in 


costly wildcat drilling? 


WILLIAM M. BARRET, INC. 
CONSULTING GEOPHYSICISTS 
LINWOOD AT DALZELL, SHREVEPORT, LOUISIANA 


*Trade-Mark and Service Mark Registered U. S. Patent Office. 
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a AERO 
MAPPING CREWS 


are overhead 
22» Gown under 


Now AERO crews are flying in Australia, in oil 
exploration over vast areas. Other crews are at 
work throughout the world, providing petroleum 
geologists with photo-geologic studies and mag- 
netic surveys to delineate areas of greatest promise. 


When you are planning important mapping, call 
on Aero Service. Pioneer and leader in the field, 
AERO has the planes, the modern equipment and 
the skilled specialists to do the job better. Our 
engineers have a background of nearly 3,000,000 
miles of mapping experience. They can save you 
time, money and manpower. 


AERO SERVICE CORPORATION 


PHILADELPHIA 20, PENNSYLVANIA 


Oldest Flying Corporation in the World 


Offices in TULSA, DULUTH, SALT LAKE CITY 
Our Canadian affiliate is: CANADIAN AERO SERVICE, LTD., OTTAWA 


AIRBORNE MAGNETOMETER SURVEYS 
SCINTILLATION COUNTER SURVEYS 
PRECISE AERIAL MOSAICS 
TOPOGRAPHIC MAPS 

PLANIMETRIC MAPS 

RELIEF MODELS 

SHORAN MAPPING a 
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ENGINEERED SEISMIC SURVEYS | 


6111 MAPLE AVENUE ¢ DALLAS ¢ TEXAS 
R. D. Arnett (.G. McBurney J. H. Pernell 
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THE COMPLETE SEISMIC 
ANALYSIS 


; 
i 
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COMPLETE SEISMIC 


MAGNETIC 
RECORDER 


New Combined Preampli- 
Simultaneously records 28 signals on magnetic tape. Automatic- fiers and Modulators. No 
ally sequentially scans each recorded channel and provides a Additional Amplification 
permanent visual record for immediate inspection. Automatic - 
shot control. Separate timing channel. Total time error less than Required 
one millisecond. Narrow magnetic tape. New Brush magnetic Frequency modulation system 
heads permit recording 28 channels on 2%" tape. Minimum minimizes phase shift and ampli- 
equipment requirement. Only one demodulator.*Permanent moni- tude errors. High signal-to-noise 
tor record eliminates need for photographic recorder in truck. ratio. Flat frequency response. 


Operates on truck batteries. Linear minimum phase shift. Long 
trouble-free operation and simple 


maintenance. Operates on 12 
v DC. 


Supplies replica of origina! or corrected elec: 
vical signal: which con be filtered or mixed 
ond fed “inte. o.conventional photegraphic 
such special equipment 
desired) Operateson 110 v AC. 


MEW DEMODULA TORS 
Froqueney High signai-to-neise. ratio, 
vit egqstruction. on TIO 


el and 

tor weathering, 

‘ton, ond offset in 

vided settings for. a@eh 

ots velocity correction 
depth, rather Then time, 
Ceirrected tape: than used for 

‘any desired filter.aad analysis, The 
iginal is not offected and con 
reference. Thus: the 


‘vided. ‘on AC. 
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i 
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OMPLETELY CORRECTED RECORD 


EANEST POSSIBLE RECORD WITH me 
INSERTED 


achni¢at 
Jesigned with @ 
und more easily 
analvst. There i 
in locating: str 
magnetic recording 
“more 


thes: best: free 


F) elorit: ‘ons 
accur acy frees noise.  catherng 
2) Sim of for us cepth, not 
pe cople famili¢ Convention. 7) Economy 


num of fine, 
8) Compactnens 
your presen? 
fiers ond 
of space ond 


3) Us sable permenant monitor ad 
auton i 


FIELD STATION ANALYZER FINAL RECORD 


Works directly from output of Reproducer. Broad band OSCILLOGRAPH 

seismic information is filtered and mixed as determined This field ion Oscill h 

by operator and fed directly into conventional photo- 
graphic oscillograph. 


cords the final filtered and corrected 


i record ready for the computer. Is 
Filters: Three low and two high, each with 15 db at 


tenuation. Six positions per filter. Each Position indi- b 

vidually damped. Choice of use of any combination bs from 6 to 10 inch paper. Operates 
of filters. rom 110 v AC or 6-12 v DC if 
Mixers: Many types mixing and compositing provided. 
Two-way and one-way available as standard. Per- 
centage of mixing adjustable on front panel. 


preferred. Many other special and 
standard features may be _ incor- 
porated if desired. 


COMPLETELY CORRECTED VISUAL GRAPH 
= 
al cchnicol Mose: sired, for 
oll come: 
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For Improved Water and Marsh Work 

The Model 321 Pressure Geophone 

1) High signal-to-noise.—Uses self-generating 
piezoelectric ceramic element. A true pressure 
phone. Not affected by water motion or 
similar spurious signals. 

2) Compactness—Less than 4%” x2%", less 
spike and coupling. 

3) Lightness—Approximately 2 Ibs. including 
spike, protective housing and coupling. 

4) Flexibility—Designed to be used in water, 
either hanging or taped, or in soft marsh, 
with only a screwdriver required as tool. Out- 
put impedance and other characteristics 
chosen for use in any combination of units 
per trace. 


a752. 


of Brush 


THE TECHNICAL INSTRUMENT COMPANY MODEL 321 PRESSURE GEO- 
PHONE. A NEW DIMENSION IN SEISMIC DETECTION 


5) Mechanical strength and _ stability—Com- 
pletely water-proofed and coupled to sea by 
rubber casing and protected mechanically by 
brass housing. Can be used at any reasonable 
depth where seismic exploration work will be 
conducted. 

6) Conventional response—Designed to have 
response curve and characteristics similar to 
conventional 30 CPS dynamic phone. 

7) Proven results—Have already provided 
good usable traces in areas previously con- 
sidered non-record or poor record areas using 
other phones. 

The basic 321 design permits the use of mul- 
tiple elements in a single housing for added 
output if desired. 
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YOU CAN GET A 
WEALTH OF ACCURATE 
INFORMATION with the 
SCHLUMBERGER 
CONTINUOUS DIPMETER 


A THREE-IN-ONE SERVICE 
Combining 

THE DIPMETER, 

THE DIRECTIONAL 

AND THE MICRO-CALIPER SURVEYS 


This improved Schlumberger three-in-one Dipmeter will do more than any similar service to help solve your 
pecan stratigraphic and production problems. It gives you these never-before-available money saving 
Vi 

A Directional Survey and a Micro-Caliper run simultaneously with the Dipmeter at no extra cost. 
All are necessary for accurate dip resolution, but they also give you additional information valuable in the 
completion of your well. 

~- formation detail is obtained by using MicroLog curves for bed correlation. This increases the 
accuracy of dip calculations, particularly on low angle dips. 

The continuous record makes it possible to accurately locate fault zones. 

All measurements are recorded at the surface, thus eliminating the down-hole directional film. 

It operates with high efficiency in shallow or deep, high temperature wells. 

It saves many hours of valuable rig time by giving you three operations in one continuous run. 
You can be sure of your Dipmeter Survey if it is run by Schlumberger. 


THE EYES OF THE OIL INDUSTRY SCHLUMBERGER 
Well Surveying Corporation 
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Pont 


e Great expense and much preparation are involved in 
making seismic explorations... the results have to be 
accurate. Under rugged field use, a recording paper 
must be tough, has to stand up under extremes of tem- 
perature, humidity and adverse processing conditions. 


Du Pont Seismo-Writ measures up in every respect. 
It has wide latitude, is always uniform, and gives excep- 
tional contrast . . . strong blacks and clear whites show 
up even the faintest “kick.” Processing can be carried 
out with Du Pont packaged chemicals at temperatures 
ranging from 50 F to well over 100 F without trouble- 


some staining or fogging. 


Seismo-Writ is supplied in standard and light weights. 
And for two records of each shot, duo-ply winding is 
available — a roll of standard weight interwound with 
lightweight Seismo-Writ. 

To get your free test roll of 50 feet or more of Seismo- 
Writ, just mail the coupon. Try it with one of your 
toughest jobs, and you'll specify Seismo-Writ for all 
your future needs. 


N 


— >>> >> 


aa. 


(— 7 E. I. du Pont de Nemours & Co. (Inc.) 710 
DU PO NT Photo Products Department 


N2420-17, Wilmington 98, Delaware 


SEISMIC PRODUCTS oO a send me a free sample roll of Seismo-Writ 


REG. U5. PAT.OFF. Firm 


BETTER THINGS FOR BETTER LIVING Street 
«+» THROUGH CHEMISTRY 


City State 
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LEADERS in dynamic 
ae recording systems... 


700C Recording 
Oscillographs 


industrial, medical, 


(3) Galvanometers 


@) 500B Portable § 
Oscillographs 


nuclear, military, and aeronautical research 


A) The Heiland Model 82-6 six channel bridge 
balance and strain indicator unit provides 
a simple and accurate means of calibrating, meas- 
uring and controlling static and dynamic current 
phenomena from resistive type transducers in 
connection with oscillographic recording. 


#} The amplification of static and dynamic cur- 

rent phenomena for oscillographic record- 
ing is simple and accurate when the highly-stable 
Heiland Model 119 Carrier Amplifier System is 
used in conjunction with the Heiland recording 
oscillograph. For resistive, variable reluctance, 
and differential transformer type transducers. 
Provides high amplitude oscillograph record- 
ings having a flat respouse to 1000 cps. 


The 500-B is convenient for mobile appli- 

cations where portability and ease of oper- 
ation are essential. For anal up to 12 sepa- 
rate phenomena. Small in size and easy to operate, 
the takeup magazine construction of the 500-B 
permits the taking of short individual records as 
well as one continuous record 100 ft. long. 


HONEYWELL 


The Heiland 700-series Oscillographs af- 

ford complete accessibility from one oper- 
ating surface and require only a minimum of 
space for either table or rack mounting without 
modification. Features include paper speeds from 
0.030 to 144”/sec., daylight loading with sepa- 
rate light-tight takeup and supply drums, and 
trace velocity to 30,000 inches per second on 
No. 809 recording paper. 


The Series 'M” Sub-miniature Galvanom- 

eter is the most advanced design and is a 
natural complement to the new 700-series oscil- 
lograph. Maximum zero stability, great sensi- 
tivity, and ease of adjustment are among its out- 
standing features. 


The solid frame galvanometer for the port- 
able oscillographs incorporates a rugged, dust- 
free construction. In general, all Heiland gal- 
vanometers having a natural frequency of over 
500 cycles per second are fluid damped. The 
optical quality of these fluid-damped types is 
equal to that of electro-magnetically damped types. 


A DIVISION OF MINNEAPOLIS- — 


HONEYWELL 


130 E. 5th Ave., Denver 3, Colo. 
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Magnolia 

Unexcelled in the combined 
beauty of leaves and flowers, 
occurring naturally in rich 
moist soil on the borders 

of river swamps and 
nearby uplands in the 
Coastal Plain. 


SPECIALIZED FOR THE GULF COAST 


Reliable’s background of experience in gaaphyeicel sur- 
veys on the Gulf Coast ranks the company as a specialist 
in the area. This experience gives Reliable crews the 
knowledge to interpret your surveys with accuracy and 
precision. Accurate 32 or 48 trace dual ‘seismograms are. 
used by all Reliable crews. The next time.you are plan- 
ning to explore the Texas Gulf-Coast, call Reliable for a 


crew that is specialized for geophysical work in the area. 


RELIABLE GEOPHYSICAL 


COMPANY 


Perry R. Love ° P. O. Box 450 ° Yoakum, Texas 
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MmBTrEX-TUBE 


| SHOT HOLE CASING 
with the 


Strong, light-weight Tex-Tube with the exclusive Speed 
Coupler will solve your shot hole casing problems. Each 
length of Tex-Tube weighs only 20 pounds, making it easy 
to handle and speeding up operations. With the Speed 
Coupler make-up is fast and no collars are required. 
Make-up completely engages the three threads in only 
two turns making a water tight connection strong enough 
to allow high pressure jetting. Field tests under every 
type of condition have proved Tex-Tube to be the best 
shot hole casing. Write for bulletin today. 


P. O. Box 7705 CApital 4-641! 
HOUSTON, TEXAS 


CORPUS CHRISTI 
Phone 2-8141 


OKLAHOMA CITY 
Deupree Dist. Co. 
Phone JAckson 8-6740 


OKLAHOMA CITY 
Grove Hardware Co. 
Phone JAckson 8-4886 


BATON ROUGE 
Phone 5-1430 


DIXIE DYNAMITE 
DISTRIBUTORS, INC. 
Alexandria, Houma, La. 
Hattiesburg, Miss. 
Brewton, Alo. 
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You 
HIT THE 


when you hunt with 


ONE ina 
MILLION 


Hunting for oil is similar to "shooting in the 
dark" .. . but you are assured accurate and de- 
pendable interpretations of GRAVITY SUR- 
VEYS based on our application of the latest 
proven scientific methods. 


Get the benefits of prompt, precise geophysi- 
cal service. Call, wire or write us right away. 


\ 4 
E. V. McCollum Craig Ferris UM & CO. 
515 Thompson Bldg. Phone CHerry 2-3194 


Tulsa, Oklahoma 
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New shingles 
going up all over 
the world 


...to better serve your airborne 
magnetometer survey needs 


New Fairchild offices, now being opened in 
cities all over the free world, will enable 
us to answer your inquiries about airborne 
magnetometer work faster and more accu- 
rately than ever. 


Call Fairchild for an estimate on your next 
project. Chances are, there is an office close 
to you. No obligation of course. 


IRGHILD 


AERIAL SURVEYS, INC. 


Offices and representatives of 
FAIRCHILD AERIAL SURVEYS, INC. 


Home Office: 


LOS ANGELES 15, CALIF. 


224 East Eleventh St. 
Phone: Richmond 9-3007 


New York 20, N. Y. 
80 Rockefeller Plaza 
Phone: Plaza 7-3573 


Chicago 2, Illinois 
111 West Washington St. 
Phone: Randolph 6-5418 


Atlanta, Georgia 
333 Candler Bldg. 
Phone: Main 4669 


Long Island City 1, N. Y. 
21-21 41st Avenue 
Phone: Stillwell 4-4630 


Boston 8, Mass. 


c/o New England Survey Service, Inc. 


51 Cornhill 
Phone: Capitol 7-8484 


Seattle 8, Washington 
c/o Mr. Carl M. Berry 
P.O. Box 38, Boeing Field 
Phone: Rainier 3282. 


Lima, Peru 

Fairchild Aerial Surveys, Inc. 
Los Alamos 389 

San Isidro 


Bogota, Colombia 
r. J. J. L. van Schaijk 
Aereo 5395 


Rio de Janeiro, Brazil 
Mr. T. L. Carnasciali 
Avenida Beira Mar. 200 


Caracas, Venezuela 
Mr. John R. Stubbins 
Apartado Aereo 3974 


Vancouver, B. C., Canada 
Aero Surveys, Ltd. 
International Airport 


Toronto, Ontario, Canada 
Aero Surveys, Ltd. 
199 Bay St. 


Geneva, Switzerland 
Case Postale 45 
Mont-Blanc 


Bruxelles, Belgium 

Mr. P. Duhoux 
Societe Generale des Minerais 
31, Rue du Marais 
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JUNGLE TOUGH 
FOR RESISTING CUTTING—SCRAPING—SCUFFING 


GEOPHONE LEADER 


Because this new Vector leader meets every test 
for resistance to tearing and cutting you'll agree 
that Rhino is the only word to describe it. One 
more point... Rhino Rubber Jacketed Leader is 
absolutely unchallenged in cold weather opera- 
tions. It will bend and flex and maintain its 
strength at 60° below and colder! 

For stamina and downright toughness, extra 
long field life and maximum dependability — 
Specify Rhino Leader in your next order. 

Available with two or three sturdy Copperweld 
conductors. Rhino’ Leader can also be ordered 
with a durable Neoprene jacket. 


MANUFACTURED TO MEET THE DEMANDS OF SEISMIC EXPLORATION 


Vector MANUFACTURING COMPANY 


HOUSTON 23, TEXAS 


: 
\ — 
Vea 


matter how you look 


eted Power-Reel Ca 


THERE’S A VECTOR GEOPHYSICAL 
CABLE FOR EVERY EXPLORATION 
(METHOD AND AREA 


From any point of view — that of the client, 
contractor, operator or helper, seismic operations require 


cables engineered for the application. 
Offshore or in the marsh — in heat or cold — there’s a Vector Cable 


designed to meet the requirements of the world’s toughest prospects. 


When planning an exploration program anywhere around the 
globe, consult the Vector catalog of field-proven 


cables and accessories. 


5616 Lawndale Avenue 
Houston 23, Texas 


| Se 
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if 
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ice Bay Cables | 

Velocity Cables 

Pattern Spread Cables 


GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


RETR 


A. E. “SANDY” McKAY FORT WORTH DIVISION 
602 CONTINENTAL LIFE BLDG., RICHARD BREWER 
FORT WORTH, TEXAS FORT WORTH, TEXAS 
DENVER DIVISION MIDLAND DIVISION 


Cc. J. LOMAX C. N. PAGE 
MIDLAND, TEXAS 


DENVER, COLORADO 


Littl 
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juald - Balances 
for 
Magnetic Prospecting 


and auxiliary Equipment 


—well-known in U.S.A. for many 
years 


—well proven in many areas of the 
world 


—compact, closed-in construction 


—suitable for vertical or horizontal 
intensity 


—fast and economical for regional 
or detail surveys 


3200 


Some of our other Geophysical Instru- Cross Section of 
ments: Gravimeters, Microbarometers, Type 


Microbarographs, Seismic and Geoelectric 
Equipment 


Please contact us for further details! 


ASKANIA-WERKE AG. 


BERLIN—FRIEDENAU ¢ AMERICAN SECTOR * GERMANY 


U. S. BRANCH OFFICE: 
ASKANIA-WERKE AG °4973 CORDELL AVE. ¢ BETHESDA, MD. | 
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Hubert L. Schiflett 
214 M & P Building 
Phone 2544 
Sherman, Texas 
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SERVICE 


SEISMIC SURVEYS 
GRAVITY SURVEYS 
MAGNETIC SURVEYS 
REVIEW ANALYSIS 


Experienced States Exploration contract crews 
offer complete, integrated geophysical service 
. » . company owned and operated plane facili- 
tates closest supervision over crew activities in 


the field. 


States Exploration facilities include the most 
advanced equipment, specifically designed for 
dependable service under any operating condi- 
tions .. . properly used with skill and knowledge 
for the greatest assurance of positive results, 


Direct scientific supervision over field activity 
and analysis on every project assures you of a 
job well done. Phone, write or wire today for 
complete details on States Exploration Service, 
without obligation. 


SEISMIC e GRAVITY e MAGNETIC SURVEYS 


John W. Byers G. $. Lambert 
709 M & M Building 1822 S. Boulder 
Phone CApitol 5-0213 © Phone LUther 4-0926 

Houston, Texas Tulsa, Oklahoma 


COMPLETE GEOPHYSICAL 


re 
EOPHYSICS the Journal of the Society of Exploration Geophysicists 77 ee 
_ 
® 
a 
i 


78 GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


Scintillation 
Counters 


| 


Reproduced here are plateau and drift curves 

run on a typical production model of a Mount 

Sopris airborne—carborne scintillation counter. 
The excellent plateau on the counts per 

second vs. phototube voltage curve is made 

possible by: 

e The high efficiency of the Sodium Iodide 
crystal for gamma. radiation. 

e The high optical efficiency of the crystal and 
phototube combination. 


¢ Careful selection of phototubes. 


icients. Careful selection of circuitry. 
‘Degenerative type regulated low voltage 
powersupply. Combination shunt and trans- 
dyctance bridge regulated high voltage 


s independent of changes in auto 
t voltage, Ambient tempera- 
of components look for the 
u buy. 


This 30-hour drift 
check substantiates 
the stability of the 
‘ounter. 


COUNTS PER SECOND 


13001400 
HIGH VOLTAGE 


@ Reprints of actual drift and 
plateau checks available on 
request. 
e@ Write today for details on 
how Mount Sopris instruments 
and engineering service can 
A you in your geophysical 
work. 


MOUNT SOPRIS 
INSTRUMENT CORPORATION 


Instrument Builders to. America’s leading exploration firms. 


1320 PEARL ST. +» PHONE Hlucrest 2-4491 © BOULDER, COLO. 


CONSULTING ENGINEERING AND MANUFACTURING SERVICE AT THE FACTORY 
Please mention GzopHysics when answering advertisers 
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COMMANDER ROBERT E. PEARY 
DISCOVERS THE NORTH POLE APRIL 9, 1909 


EXPLORATION has changed... — 


especially 


OIL EXPLORATION! 


Paths of the explorer’s dog team have 

been replaced by the tracks of the snowmobile. 

Covering in a few short weeks areas that would require weary 

months on foot, Western crews and equipment push back the oil frontiers 
of the North... keep ahead of the bit with the most advanced 
geophysical surveys available today. 

Whether your requirements are for land or water exploration, Western 
crews know no season ... are ready with men and equipment 

to reach your oil frontier wherever it may be. 

Your inquiry is invited. 
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nnouncing. 


THE NEW 


(RECORDING ALTIMETER) 


us savings— 


of initial invest- 
in 100 days’ use. 


a permanent 
bf all pertinent 
tion data on 35 


es observational 


es continuously 
out attention for 
up to eight days. 


ns by W&T Aliti- 
NOW become 
economical than 


Write today for 
complete information 


Ae107 & Tiernan, Ltd., 
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IX crews need no constant reminders on the 


importance of their field work. These crews have 
seen too many discovery wells brought in... 
entire new fields opened as the result of their 
geophysical surveys. They know that prior plan- 
ning and attention to detail will help give an IX 
client a better “picture” of an area. Consequently, 
the “know-how” each crew has gained in years 
of field work pays off in a better survey for you. 
For a survey you can trust, call on experience — 
call IX. 


Please mention GEOPHYSI 
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S. A. White, Supervisor, is another one of the executives on the IX 
roster with more than 20 years of geophysical survey experience. 
Starting with the memes in 1933 after attending Texas Christian 
University, White has worked in every job on a field crew, including 
helper, shooter, scout, troop leader, and party chief. Men like White 


are “in charge” on every IX survey. 


Independent 
EXPLORATION COMPANY 
Geophysical Surveys 


39 Victoria St., London, SW 1, England 


208 Dominion Bank Building, 8th Ave. & 1st St. East 
Calgary, Alberta, Canada 
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SEISMIC and GRAVITY SURVEYS on LAND and SEA 


DENSITY LOGS 
MAGNETIC SURVEYS 
INTERPRETATIONS 


The “Know-How” that gets RESULTS 
+ « » your assurance of accuracy and 
efficiency. 


TIDELANDS EXPLORATION CO. 
2626 Westheimer HOUSTON, TEXAS 
JAckson 9-378! 
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ee portable radioactivity 
well logging unit % 


# 
America’s foremost & 
instrument manufacturer 
& © An extremely simple instrument for shallow hole » 

a logging, which combines unusual accuracy with rug- 
' 2 gedness, is now available from Tracerlab, Inc., the 
S world’s largest supplier of nuclear instruments. 
ee The PIP-2 Portable Logger is a precision survey 


meter, complete with its own power supply, Geiger 
tube probe, checking source and cable. The unit weighs 
only 6 lbs; is housed in a 9” x 3144” x 414” waterproof 
metal case; has both handle and carrying strap. A large 
meter reads in either CPM or mr/hr, and an earphone 
jack is provided. All batteries are standard cells avail- 
able in most stores and have an operating life of 150 
continuous hours. Calibration is maintained throughout 
battery life. 

The waterproof probe is 1” D x 1514” long, weighs 
less than 2 lbs and contains a sensitive Tracerlab G-M 
tube. Standard cable length is 400 ft but up to 1,000 ft 
can be supplied. A portable, light-weight cable reel is 
also available. 


Ask for free booklet, PIP-2 


2419 South Bivd., Houston, Texas 
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For subsurface detection 
of radioactive material 


MODEL 120 


a This new instrument makes 
possible radioactive measure-- 
ments in shot holes without 
slowing up normal seismic 
operations. Specially de- 
signed and built by Precision 
Radiation Instruments, Inc., 
the Model 120 can make 
measurements as deep as 
1,000 feet. There is no loss in 
signal strength due to the 
long cable. This model can 
be used for surface prospect- 
‘- ing, and with a preamplifier 
7 it can be used with a 
recorder. The Model 120 has 
the longest battery life, most 
stable performance and 
x: greatest sensitivity of any 
- Geiger counter. It detects 
both beta and gamma par- 
ticles in ranges of 20, 2, and 
-2 MR/HR. 
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HARRISON EQUIPMENT COMPANY, INC. 


1422 San Jacinto St., Houston 2, Texas 
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BROAD BAND 
REFRACTION GEOPHONE 


Height 754” 
Diameter 41/2” 
Weight 141 Ibs. 
Natural Freq. 4 cps 
Damping 0.7 


The GS-13 Low Frequency Geophone has 
been used for the past ten years as the 
standard of the industry. With the advent 
of Broad Band Magnetic Recording, a 
stable, low frequency geophone is essential 
to the success of any: program. The GS- 
13 geophone is in current use by United 
Geophysical, Seismograph Service Corp., 
Compagnie Generale de Geophysique, 
Dayton Exploration Co., and others. Write 
for technical bulletin. 


ENGINEERING PRODUCTS, INC. 
600 E. 4th St. Tulsa, Oklahoma 


CURVED JAWS clip instantly around cable contact 
rings — simply “yank out”. HEAVY, SOLID COPPER 
CONSTRUCTION gives low-loss contact; prevents 
corrosion; takes roughest handling. “"GO—NO GO” 
JAWS eliminate misconnections. SCREW CONNEC- 
TION, CLINCHING EARS eliminate slipping, break- 
ing or fraying of Geophone wires. VINYL INSULA- 
TORS prevent shorts and shocks and are available 
in several lead-identification colors. 


NO. 29 INSULATORS 


Red or Black 
— CLIP NO. 27-CGW 
Wide, 13/32” jaw 
CLIP NO. 27-CG ~ 
Narrow, 7/32” jaw 


PRICE, EACH, LOTS OF:] Under 10] 10 100 
Either Clip _$ .40 .28] $ .24/$ .224 
| 


Red or black Insulators 103] .098 


(Blue, yellow, or white Insulators 10% more) 


ORDER NOW— 


Mer che Cleveland 14,0 
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The geophysicist of today is 
covering more ground than ever 
before in history. Survey from 
the air has vastly reduced pre- 
liminary prospecting; it pin- 
points the areas that demand his 
close attention. Among the many 
modern instruments that help 
to make this possible is the Air- 
borne Magnetometer, in the use 
of which the Hunting companies 
have had world wide experience. 


HUNTING 


GEOPHYSICS 


LIMITED 


Representative in U.S.A.: 

LORD PENTLAND, A.M.1.C.E., A.M.1.E.E., 
57 Park Avenue, New York 16 
LONDON: 

4 Albemarle Street, London W. 1. 


Cables: ‘Huntmag,’ London. Tel. HYDE PARK 5211 
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MIDWESTERN HAS DISCONTINUED 


Different 


Rent Motorized Equipment! You‘ll Want All Details Of 
This Unique New Midwestern Plan. 


Midwestern seismic equipment has always been ranked among 
the best. It is designed by engineers with long experience in 
developing instruments for the geophysical industry. Now we 
are working to even improve the Midwestern instruments that 
already conform to the most rigid standards set by science and 
industry. Best of all, now you can have these fine instruments 
through a liberal, convenient new Rental Plan. Be sure to write 
for complete information. 


WRITE 
TODAY 
for 


HE Midwestern Geophysical Laboratory 

MME 41st and Sheridan Road 

Tulsa, Oklahoma 

Gentlemen: 

Hs (| Please send me complete details on your new Seismographic Equipment 
Rental Plan. 


COMPLETE —— [_] Please have your representative call on me with complete information. 
N 


DETAILS 


Firm 
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SEISMOGRAPH CREWS! 


N | W we will devote our efforts exclu- 


sively to design, manufacture and sale of 
geophysical instruments . . . and an exciting 


new equipment rental plan. 


Seismograph Equipment Rental Plan! 


There Are Two Ways You Can RENT This Fine Equipment. 


rE PLAN NO. 1 Standard 30-day cancellation contract. Under 
this plan you can cancel your rental agreement on 30-day notice 
any time you like. Now, you can have the most modern equip- 
ment with no capital outlay. A new Instrument Truck — any- 
thing you need — is yours — quickly, easily. 


2) PLAN NO. 2. Under this plan you can rent equipment for 
fixed periods of 12, 24 or 36 months. You need no cash, no down 
payment, just a regular monthly rental. There’s no need to invade 
your working capital, and you can pay for the service out of 
monthly earnings of the crew. If you should want to purchase the 
equipment at the end of the contracted time, your rental fees will 
apply to the purchase payment. Be sure to get complete details 
of this unusual new Midwestern Plan. 


MIDWESTERN 


4lst and Sheridan Road =f MIDWESTERN , 


Tulsa, Oklahoma 
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LOG YOUR SHOT HOLES 
BEFORE YOU 
QUIT CLAIM 


A POOR OIL PLAY MAY 


CONTAIN VALUABLE 
NEAR-SURFACE 
MINERALS 


It Costs Very Little More To Make 
A Permanent Radiation Level Record 


EVERY YEAR the oil industry drills and abandons millions of ing conditions in the field. It is impervious to water, mud and 
feet of seismograph shot holes and core holes. Many holes dust. It can be mounted rigidly on a drill rig or supplied with 


A 2 E a a portable mounting base for installation on the bed of a pickup 
have been abandoned in areas in which uranium and other truck, jeep, An 


minerals have subsequently been found in commercial all power necessary for operating the motor and recording unit. 

Cae quantities, This failure to evaluate sub-surface mineralization 
. is costing oil companies millions of dollars annually in A NEW AIRBORNE AND CAR MOUNTED SCINTILLATION 
a potential mining income. COUNTER—Moran Radiation Survey Equipment includes the 
Moran Mobile Scintillation Counter which offers a new ruggedized 
WITH THE MORAN GAMMA LOGGER oil exploration parties design unit for aerial and automotive gamma ray surveys. This 
may now expand their activities into the uranium field with a instrument has been carefully designed to meet the needs of the 
minimum investment in logging equipment. This new light weight Professional prospector and mining engineer who want the bet 8 
instrument eliminates the need for separate logging trucks. It © 'eliable, rugged, and highly sensitive instrument. The heat 


has been thoroughly tested in the field and has proven its ability Scintillation Counter makes use of a new type of circuit — 
to give an accurate, repeatable stratigraphic record which will Provides maximum stability in measurement of low radiation levels 


delineate sands, shales, and other lithologic units. At the same With minimum weight and power consumption. 
time it can be used to evaluate zones of radioactive mineralization 


CUSTOM RADIATION EQUIPMENT—The Moran Instrument 

Corporation also manufactures radiation equipment designed to 
THE MORAN GAMMA LOGGER is a complete motor driven order for the particular requirements of any customer. Special 
scintillation counter borehole logging unit. It was designed by installation on standard and custom equipment can be made on 
experienced geophysicists with a thorough knowledge of operat- request. 


MORAN RADIATION SURVEY EQUIPMENT 


MorRAN INSTRUMENT CORPORATION 
CONSULTING GEOPHYSICISTS AND MANUFACTURERS OF PRECISION INSTRUMENTS SINCE 1948 
170 EAST ORANGE GROVE AVENUE, PASADENA, CALIFORNIA 
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LIBRARY 
EXPLORER 


Filbert was buried under a ton of detail 
—and every ounce of it urgent — when the 
boss stormed in with the old Poppy Field on 
his mind. There was a case history on that 
field . . . came out around 1932, he thought 
.. « find that paper, Filbert. And, Filbert, 
find it by five o'clock. Understand, Filbert? 


Filbert stared blankly into space. A dull 
film clouded his eyes. Surely, with luck, he 
would be dead in five minutes. But visions 
of his widowed wife and fatherless children 
pulled him to his feet and sent him trudging 
out the door . . . to the library. 


It would take all day. He’d be spending 
valuable time his company could hardly af- 
ford. And he'd be using all his exploration 
skill to locate that blessed paper — not to 


mention structures . . . Filbert stopped at a- 


drug store and bought $4.00 worth of aspirin. 


SOCIETY OF 
EXPLORATION 


GEOPHYSICISTS 


624 S. CHEYENNE 
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Had Filbert spent that $4.00* on the 
CUMULATIVE INDEX, he would have 
saved himself that headache and many, many 
more. The S.E.G. CUMULATIVE INDEX 
1931-1953 is a complete library on geophys- 
ical data at the tips of your fingers. Remember, 
a man is.as useful as the knowledge he 
possesses. The CUMULATIVE INDEX is 
knowledge on your desk! 


TULSA. OKLA. 


Gentlemen: 


Please send me the CUMULATIVE INDEX, 
1931-1953. 


( ) I enclose $4.00* for postpaid shipment. 
() Bill me, plus postage. 
( ) Bill my company, plus. postage. 


NAME, 
COMPANY. 
ADDRESS:. 


STATE 


CITY 
*$3.00 to SEG ‘members 
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of EXAMINING YOUR WELL 


EXAMPLE: CORRELATION OF A CONTINUOUS VELOCITY LOG AND 
THE POROSITY OF A LIMESTONE FORMATION 


SEISMIC AND GRAVITY SURVEYS — PILOT CREWS — LORAC — CONTINUOUS VELOCITY LOGGING 


Seismograph Service Corporation —wisa, oxatoma, v5.4. 


SSC of Canada * SSC of Colombia * SSC of 


WORLD-WIDE Menico © SSC of SSC (Oversems) - 


| 
CONTINUOUS VELOCITY LOGGING* 
| 
| | | | | | 
=== made of the saint limestone section, 23 
Continuous Neloaty Logging isa 
hha: © 


in their 


GSI supervisors, ‘chie ‘time; they are men 


puters and other GSI technical men throughout profession. Their study and their interest help 

the world are enrolled in this unique “post guarantee the traditional high quality of geo- 

graduate” course in geophysics. Wherever they physical data furnished by a GSI survey. Result 

may be working, the program enables them to to you: more useful information for finding a 
a keep abreast of developments in geophysical world of oil. 


Geopnysicat Service inc. 


$900 LEMMON AVENUE DALLAS TEXAS 


a Finding a World of Oil jor a Quarter-Century 
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